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Short rotation woody crops (SRWC) are bred for rapid growth properties. Knowledge of how
varying environmental conditions and endophytic bacteria impact physiology are needed to make
planting recommendations. Three eastern cottonwood (EC) and three hybrid poplar (HP)
varietals were planted in replicate blocks at upland and alluvial sites. Whole-tree water use and
water use efficiency (WUE) were measured using heat-dissipation sap flow and related to overall
productivity. Productivity measurements were higher at the upland site. Sap flow was higher at
the upland site and for endophyte treated individuals. WUE was higher at the alluvial site and for
EC. WUE and leaf area index (LAI) were significantly correlated with biomass (negatively and
positively respectively). Overall, HP performed better at the upland site, EC at the alluvial site.
These results are beneficial in further testing of optimal site and genotype pairings for SRWC.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW
1.1

Overview
Short rotation woody crops (SRWC) are tree species that have been bred and selected for

their rapid growth and are harvested after a short period of time, such as one to fifteen years
(Griffiths et al., 2018). The use of these crops ranges from pulpwood to pellet and even liquid
products, mostly under the category of biofuel and bioenergy products (Rockwood et al., 2004).
Determining growth differences among SRWC attributed to the heritable characteristics of the
genotype are often blurred by environmental variation as well as the possibility of genotype by
environmental interactions (GxE). Growth and yield are highly impacted by varying
environmental site conditions (e.g., soil type, inherent fertility and moisture holding capacity of
the soil type, annual precipitation, temperature, topography, as well as the presence of diseases).
Genotypes that can survive and grow rapidly on marginal lands and their relating phenotypes
need to be identified to make accurate planting selections (Tuskan, 1998).
At the current time, many planting sites are limited in available nutrients due to a long
history of agricultural use, and management inputs such as fertilizer and irrigation, are very
costly (Kasmioui and Ceulemans, 2012). There are mechanisms being studied, such as the
inoculation of endophytic bacteria, which are nitrogen fixing bacteria that form a mutualistic
relationship with plants, to increase the productivity of SRWC on these sites (Knoth et al., 2014).
Thus, knowledge of how environmental conditions impact physiological characteristics of
1

SRWC, specifically Populus selections due to their rapid growth properties and high wood
quality, on variable landscapes is a missing component in determining specific genotype
selections and subsequently planting recommendations, and also has economic implications.
With this information, recommendations can then be made on which Populus varietals will
perform best in certain southeastern United States locations similar to those in the study, and
growth and yield may be estimated based on a given set of physiological parameters for tested
varietals. This is applicable for both economic and environmental management goals, such as the
use of SRWC as a bio-renewable feedstock source.
The overall objective of this study was to determine correlations between growth and
physiological characteristics among six Populus genotypes, to determine clonal water use
efficiency, and assess the impacts of endophytic bacteria on clonal biomass production. The
central hypothesis was that physiological characteristics of total leaf area and water use
efficiency would be better indicators of early-age growth across sites than either leaf
photosynthetic rate or leaf nitrogen content, with an increase in leaf area and water use efficiency
leading to greater productivity due to an increase in physiological functioning. This was based on
research reviewed discussed below in section 1.2 Literature Review.
1.1.1

Objectives

The main objectives of this study are:
1. Determine parameters related to physiology (leaf area, photosynthesis, leaf nitrogen (N)
content, aboveground biomass allocation, water use and efficiency) of three eastern
cottonwood (Populus deltoides) and three hybrid poplar varietals across one alluvial and
one upland site in Mississippi and relate these to aboveground productivity.
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2. Determine whole-tree water use efficiency for varietals and compare with leaf-level gas
exchange and carbon isotope parameters.
3. Assess the impact of the addition of endophytic bacteria on inoculated varietals and
determine impacts to biomass yield, growth, nutrient uptake, and water use.
1.2
1.2.1

Literature Review
Biofuel and Bioenergy
With concerns about climate change increasing, research has been geared towards finding

more sustainable sources of fuel and energy. To curb anthropogenic contributions to climate
change, wood products are being explored as an eco-friendlier renewable fuel source (Bright et
al., 2010). The suitability of SRWC as a biofuel source is being continually evaluated, but the
product has been found to have the capacity for growth on marginal lands, can survive extreme
weather conditions, and has the propensity for rapid growth (Rae et al., 2004). Marginal land in
this case is land that is no longer being used for agricultural purposes, often because the quality
of the land has decreased to where the cost to grow crops there is greater than the revenue gained
from harvesting said crops (though it may not have been at one point), residential uses, or other
commercial or industrial uses (Xue et al., 2016). The current push is for an integration of biorefinery and biofuels using feedstock such as SRWC, which could lead to a global shift from
non-renewable fossil fuels in favor of more sustainable and renewable energy forms (Ragauskas
et al., 2006).
A crucial step in the transition away from fossil fuels is selection of the proper feedstock
to produce the most biomass for given sites and geographic regions (Gamble et al., 2016). This is
a vital step because without it, the sustainability and renewability of biofuels comes into
question. Species and genotypes play a key role, as the selection of appropriate genetics for
3

specific environment and site conditions allows for the highest biomass production, increasing
both the economic feasibility and industrial uses for SRWC as a bioenergy resource on a mass
scale (Hinchee et al., 2010).
1.2.2

Economic Implications
Along with the environmental benefits that come with the use of SRWC as the feedstock

for the production of biofuels and other bioproducts (see 1.2.6 Environmental Impacts), there
are also economic implications. Providing a market for smaller diameter trees to replace a
dwindling pulp and paper market allows agricultural landowners another possible profitable crop
on marginal sites (McEwan et al., 2019). It is estimated that forestry provides 153.76 million dry
tons per year of total utilized biomass in the United States (U.S. Department of Energy, 2016).
Over a rotation period of eight years, less intensively managed SRWC plantations can be
expected to produce 3-3.5 dry tons per acre (Miller et al., 2016). Alig et al. (2000) estimate that
the net present value added through the use of SRWC is roughly six billion dollars; this surplus
includes benefits to producers, consumers, and the foreign market, benefitting both the forestry
and agricultural sectors. On marginal lands, SRWC can be more costly than traditional hardwood
forest management in the establishment stages depending on site history (such as prior intensive
agriculture harvesting), but despite this intensity, the overall costs are still estimated to be lower
ultimately than that of traditional forest hardwood management (Ince and Moiseyev, 2002).
1.2.3

Clonal Breeding and Selection
Hybrid poplars are developed from breeding two different species of the Populus genus.

The benefits of hybridization for some species arise from heterosis or hybrid vigor making the F1
generation superior to both parents and can include traits such as fast growth, herbicide
4

tolerance, disease resistance, and insect resistance (Strauss et al., 2001). Genetic variability
allows for the selection of desired traits, and once superior traits such as rapid growth and
disease resistance are identified, the desired varietals can be produced and planted at appropriate
sites. The process leading to the identification of varietals with superior genetics can be done in a
variety of ways, but one pathway uses progeny of tested crosses placed in common garden trials
to assess family performance and genotypes within families that display superior performance of
desired traits (Kanga et al., 2008). Selected genotypes are vegetatively propagated and can then
be placed into a variety of trials to determine clonal superiority. This process is applicable for
both intra- and inter-specific individuals. Another benefit to the establishment and selection of
superior poplar varietals is that they easily propagate asexually, and clonal stoolbeds can be
created to propagate specific varietals for future production (Meilan et al., 1999).
Hybrid poplar varietals have become an increasingly popular crop in recent years due to
traits such as rapid growth and yield relative to input (Fields-Johnson et al., 2008). Breeding
programs for both hybrid poplars and eastern cottonwood have emphasis for selection and
breeding has been placed on resulting wood quality, appropriate breeding methods, and
determining optimal site and species pairings (Mohrdiek, 1983). Uses for poplar varietals can
vary from ecosystem services to veneer/high quality pulpwood, and fiber products, and varietals
can be more suited for certain products over others based on chemical composition, wood
density, and stem traits (Qin et al., 2013). Hybrid poplars are also very susceptible to Septoria
musiva, a fungal disease that causes leaf spot and can result in stem cankers and eventually
mortality (Rousseau et al., 2013). It has been observed that, on certain sites such as the lower
Mississippi alluvial valley, hybrid poplars can easily contract Septoria and die, however, certain
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hybrid varietals were found to perform well on upland sites and displayed levels of disease
resistance (Rousseau et al., 2018).
1.2.4

Clonal Growth and Physiology
Previous studies found that growth of hybrid poplar varietals varies based on rotation

length and spacing, causing a large variation of leaf area index (LAI) ranging from 0.6 to 4.4 m2
m-2 (Fang et al., 1999). In part, the higher LAI is a result of the sylleptic branching properties of
hybrid poplars, where a new lateral shoot is able to form without the apical meristem of the axis
going through a dormancy (Marron et al., 2006). LAI is important because it is a measure of
foliage amount, which can also provide information on overall productivity as it is a measure of
the area undergoing photosynthesis and transpiration (Chen et al., 1997). LAI is also considered
an important determinant of aboveground biomass production, and it has been observed that few
large leaves and several small leaves have the same impact on growth (Pellis et al., 2004).
It has also been observed using stable isotope analysis that water use efficiency impacts
growth and other physiological characteristics and vice versa (Cao et al., 2011). Stable isotope
analysis can be used to assess an array of characteristics, ranging from photosynthetic pathway
analysis to water stress (Chesson et al., 2018). Stable isotope analysis is available for several
elements, and this process is able to happen due to the stability of the isotope, meaning that it
does not decay. The results of a stable isotope analysis compare differences between the
presence of a common isotope and rare isotope of an element to give details about the physiology
of the individual. This can be seen through the discrimination of carbon isotopes, where water
stressed plant tissues will contain higher levels of 13C, the rare isotope form, due to decreased gas
exchange because of stomatal closure in an effort to conserve water resources (Farquhar et al.,
1989). Stable isotope analysis can be used in the ecological context to assess variations in water
6

use between individuals in a given environment based on differing quantities of the element
within the ecosystem (Ehleringer et al., 2000).
Similar to stable isotope analysis, sap flow measurements are also a common tool to
assess physiology and functioning in vegetation. Within plants, sap flow is the movement of
water, or long-distance water transport, from the roots all the way to the leaves at the top of the
tree, meaning that, through the assessment of this movement, hydraulic functioning can be
quantified and associated with water use (Steppe et al., 2015). There are three types of sap flow
measurement methods: heat balance, heat dissipation, and heat pulse (Smith and Allen, 1996).
Smith and Allen (1996) describe the heat balance and heat dissipation methods as having heat
applied to an area (stem, trunk, or branch) and water movement is calculated from the amount of
heat taken up by the moving sap, whereas for the heat pulse method, short bursts of heat are
applied and sap flow is solved for from the velocity of the movement of the heat pulses along the
stem. The heat dissipation, or Granier method (Granier, 1987), is one of the most common
methods used in ecophysiology, where there is a heated and reference sensor inserted into the
sapwood, and the temperature difference between the two sensors is used to calculate sap flow
rates (Lu et al., 2004). Sap flow data are invaluable as they give information on how vegetation,
such as SRWC, are using the resources available on the landscape, and whether or not they are
harming or aiding the environment based on estimated whole tree water use efficiency values
(Pfautsch et al., 2010).
Physiology for varietals is variable based on environmental conditions and physiological
constraints. For photosynthetic rates of poplar varietals, the average rates were observed to be
high, and were between 17.8 and 26.9 μmol m-2 s-1, depending on the Populus varietal (Broeckx
et al., 2014). Coupled with photosynthesis parameters are A/Ci curves, or steady-state
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photosynthetic CO2 responses (Stinziano et al., 2019). Stinziano et al. (2019) also describe A/Ci
curves as a tool used evaluate environmental impact on photosynthetic parameters and to assess
the photosynthetic functioning of the vegetation in question. Parameters detailing photosynthetic
functioning derived from A/Ci curves are: Rubisco-mediated carboxylation (Vcmax), light
saturated electron transport rate (Jmax), triose-phosphate utilization (TPU), mesophyll
conductance (gm) and daytime respiration (Rday) (Manter, 2004). Currently, there are few growth
and yield models available for hybrid poplar varietals in the southern United States, such as the
Ecosystem Demography 2 model (ED2) in combination with the Predictive Ecosystem Analyzer
(PEcAn) (Wang et al., 2013). Wang et al. (2013) also discussed how models that exist at this
time have only been field tested in the Midwest, New England, and Northern California.
Differing site conditions, such as upland sites versus alluvial sites also have differing
suitability for Populus varietal plantings. Eastern cottonwood, for example, is a riparian species
meaning it is often located near bodies of water, such as a riverbank. In contrast, upland sites,
while typically containing less soil nutrients and water limitations, have been observed to be
more suited for certain hybrid poplar varietals that are more tolerant of drier conditions, but will
also store less soil carbon than their alluvial counterparts (Coleman et al., 2004).
1.2.5

Endophytes
Growth and productivity of SRWC are impacted in several ways by site conditions.

Endophytes are beneficial bacterial microorganisms often present in some natural soils (Afzal et
al., 2019). They possess strains of nitrogen fixing microorganisms and have a mutualistic
relationship with plants, attributing to increased biomass production and nitrogen fixation in
tested inoculated species (Santoyo et al., 2016). Knoth et al. (2014) also observed instances of
increased aboveground biomass for poplar species that were inoculated with endophytes versus
8

control poplar species and even greater increases when subjects were inoculated with multiple
strains of endophytes versus a singular strain, in some cases up to 44% greater dry biomass in
comparison to control individuals. For eastern cottonwoods, it has been observed that overall
biomass increase is related to an increase in leaf area, aided by the inoculation of endophytes
(Rogers et al., 2011). There are also implications that, on marginal lands, endophytes may be
used to facilitate growth and still produce the desirable biofuel stock in areas that had previously
been thought to be unsuitable for SRWC plantings (Taghavi et al., 2008).
1.2.6

Environmental Impacts
For long term usage for varying management goals especially on marginal sites, the

ecological impacts of SRWC must be taken into consideration, such as SRWC water usage and
groundwater level alteration, and soil impact such as nutrient depletion. Poplars are an important
species for phytoremediation due to their non-hyperaccumulating properties and have been
shown to have the potential to purify soil and groundwater that has been contaminated by waste
(Rockwood et al., 2004). Hybrid poplars have the capability to grow on marginal sites, such as
old waste management plant areas where soil is contaminated with heavy metals, with the most
productive varietals producing a mean annual biomass between 8.0 and 11.4 Mg ha-1 year-1
(Laureysens et al., 2004). Laureysens et al. (2004) also found that variation within the soil in
terms of contaminants and quality did not impact the growth of the varietals.
It is crucial, however, that appropriate species be chosen for each region, as the trees will
be slightly impacted by the contamination, it is important that they are not also adversely
impacted by adverse site and environmental conditions. A similar study also reached the same
conclusion that non-hazardous heavy metals (i.e. zinc, copper, cadmium, and chromium) did not
have any adverse effects on the growth of poplar varietals’ leaves, stem, or roots (Sebastiani et
9

al., 2004). This is an indicator that lands that are unsuitable for any other production may be the
most ideal sites for the production of biofuels, as SRWC (poplars especially because as
mentioned above they are non-hyperaccumulating) can perform phytoremediation on the land
and still produce an economically profitable harvest of biofuel products.
SRWC can be useful to combat excessive carbon emissions through carbon sequestration.
Tuskan and Walsh (2011) found that when using the following two assumptions, 1) aboveground
productivity is 21 Mg ha-1 year-1 of biomass and 2) the rotation length is 10 years, that 0.38 Pg of
carbon would be fixed in aboveground biomass per year over each year in the rotation for a
40x106 ha of land in the United States. However, for successful implementation of SRWC as
bioremediation tools on marginal lands and to curb carbon emissions, currently established
forests must be protected, which will allow both carbon sequestration from most of these natural
forested areas and a biofuel/pulpwood source from SRWC plantations (Popp et al., 2011).
SRWC have been observed to have positive impacts on marginal lands, such as decreasing soil
erosion through the development of a root system and increasing soil carbon content, especially
when harvest residue, such as leaves or branches, is left on the landscape (Blanco-Canqui, 2010).
Along with benefits to the soil, SRWC have also been observed to decrease nitrate concentration
in a watershed modeling study in comparison to agricultural croplands (Griffiths et al., 2018).
1.2.7

Summary
The objective of this research focuses on the identification of key physiological

characteristics that are indicative of growth and productivity for SRWC, with the goal of
generating more compatible site plantings, growth and productivity, water use predictions based
on genotype specificity, and the desire of reducing management costs. This will be accomplished
through the comparison of varietals at differing sites and endophyte treatments as described in
10

the objectives. As overall productivity and water use were discussed above to be key indicators
of productivity, these were focal physiological components of the study in relation to growth. In
conclusion, the body of work reviewed described the critical need for a better understanding of
the key physiological parameters related to growth and production of SRWC. Closing this gap in
knowledge allows for more efficient and productive SRWC plantations, which will be used for a
variety of purposes from bioremediation efforts to biofuel products on both an industrial and
private scale.
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CHAPTER II
LEAF PHYSIOLOGY, BIOMASS, AND EFFECT OF ENDOPHYTES ON EASTERN
COTTONWOOD AND HYBRID POPLAR FROM AN
UPLAND AND ALLUVIAL SITE
2.1

Introduction
Short rotation woody crops (SRWC) are currently desirable crop species for biomass and

bioenergy production due to factors such as rapid growth. They are also desirable due to their
ability to grow on marginal lands and places with low soil organic carbon, having the potential to
restore degraded landscapes (Blanco-Canqui, 2016). SRWC also require less energy input when
compared to traditional agriculture crops, thus decreasing greenhouse gas emissions (Djomo et
al., 2013). Poplar species, such as eastern cottonwoods (Populus deltoides) and hybrid poplars
(P. spp.) are also chosen for SRWC due to their ability to be coppiced, low management input in
comparison to annual crops, and their provision of a renewable energy resource, such as fiber
products (Balman, 2019). Hybrid poplars are created from the cross-pollination of two different
Populus species, the resulting progeny can then be combined and hybridized further to select for
desired traits, such as disease resistance and increased vigor (Taylor, 2002).
Planting site conditions have a large impact on growth and overall productivity of
SRWC. Two common site planting classifications are upland and alluvial sites. Upland sites can
be sandier in nature and lacking in water and nutrients depending on surrounding topography and
previous site history, such as previous agricultural plantings (Coyle et al., 2006). Alluvial sites,
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in contrast, can have more silty or clayed textures and may be more poorly drained with a
shallower water table depth, which coupled with marginal site conditions may result in limited
accessibility (Camp et al., 2012). These key differences in site characteristics mean that different
Populus species are better suited to certain sites over others. Eastern cottonwood, a more riparian
species than hybrid poplars, will potentially be able to survive and grow better at an alluvial site
due to the increased water availability, though nitrogen limitation can still be a factor (Rood et
al., 2003). Hybrid poplars, on the other hand, have been observed to survive better at upland sites
in comparison to alluvial sites due to a decrease in the presence of fatal diseases, such as
Marsonnia and Septoria leaf spot (Septoria musiva) at these sites (Rousseau et al., 2018).
Physiological parameters are important to measure as they give insight to how SRWC
interact with the environment and how they use their resources more so than yearly height
measurements, and they also allow for comparison of functioning among taxa and environment
to observe G x E interactions. Productivity is dependent on upon the inherent capacity of the
genotype and its intrinsic physiological factors such as photosynthetic capacity, efficiency of leaf
area development, and water use, with efficiency meaning the capacity to complete physiological
processes with limited resources and without resource depletion (Dillen et al., 2010).
Photosynthetic capacity parameters including Vcmax, Jmax, TPU, Rday, and gm can all be assessed
through observing photosynthetic changes in response to varying CO2 levels (ie A/Ci curves).
They also are important parameters in better understanding the limiting factors (such as nutrients
and resources) of carbon assimilation within plants, and aid in the understanding of how both
environmental and genetic factors impact plant productivity (Sharkey et al., 2007). Water use
efficiency (WUE) is also an important physiological indicator as it is the ratio between carbon
assimilated and water used by the vegetation and it is indicative of how SRWC will interact with
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their planting site (Hatfield and Dold, 2019) in terms of overall water use. Stable isotope analysis
is a tool used to evaluate physiological processes within plants by comparing concentrations of
various stable isotopes of elements, such as carbon and nitrogen, within plant tissues, yielding
information about photosynthetic capacity or WUE (Monclus et al., 2006). There is also the
importance of photosynthetic nitrogen use efficiency (PNUE, the ratio of photosynthesis per unit
leaf N concentration) which can be strongly related to other important leaf traits such as leaf
mass per area (LMA) (Hikosaka, 2004). PNUE is also an important physiological indicator of
nutrient use on the site, as nitrogen can often be limiting, and nitrogen is strongly involved in the
photosynthetic process of crops (Evans, 1989).
Along with knowing the physiology of SRWC themselves, there is also a focus on
research geared towards increasing the productivity of SRWC. One point of this research
involves microorganisms called endophytes. An endophyte is an organism (fungi or bacteria)
that lives within a plant and has a symbiotic relationship with its host where the host provides
nutrients (carbon sugars) to the endophyte, and the endophyte, in a mutualistic relationship,
provides nutrients (such as nitrogen) to the host (Wilson, 1995). Endophytic bacteria inoculation
has been an alluring option to increase productivity as these nitrogen fixing bacteria can provide
several benefits to their host (Rogers et al., 2011). Rogers et al. (2011) observed that inoculated
eastern cottonwood varietals displayed a 55% increase in overall biomass in comparison to
controls. Endophytes also are a beneficial addition to SRWC planting as they increase the
sustainability of biofuel crops by potentially reducing fertilizer inputs (Knoth et al., 2013). Knoth
et al. (2013) also found that the inoculation of endophytic bacteria to hybrid poplars increased
biomass in comparison to control individuals, even up to a 44% increase in dry biomass in
inoculated individuals versus control individuals.
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The goal of this chapter was to determine how site conditions impact physiological
processes of SRWC, specifically Populus taxa. From here, results of this research can inform
planting recommendations based on the results of the physiology and productivity of the tested
varietals for similar sites in the southeastern United States. The overall objective of this chapter
was to determine the correlations between growth and physiological parameters across six
Populus genotypes and assess the impacts of endophyte additions on varietal biomass
production. This is applicable for both economic and environmental management goals, such as
the use of SRWC as a biofuel source. Based on previous research, the central hypothesis was that
physiological parameters, such as leaf development and water usage, would be better indicators
of productivity across sites rather than other physiological parameters of photosynthesis or other
carbon/nitrogen concentrations because these parameters have been directly, positively
correlated with productivity (Chen et al., 1997; Pellis et al., 2004; Hatfield and Dold, 2019. It is
also hypothesized that the addition of endophytes would increase overall biomass and
productivity, as has been observed previously (Rogers et al., 2011; Knoth et al., 2014).
The main objectives of this chapter are:
1. Determine physiological characteristics (leaf area, photosynthesis, leaf N content,
aboveground biomass allocation between leaves and woody tissue) of three eastern
cottonwood (Populus deltoides) and three hybrid poplar varietals across one alluvial and
one upland site in Mississippi and relate these to aboveground productivity.
2. Compare leaf-level gas exchange and carbon isotope estimates between sites and
varietals.
3. Assess the impact of the addition of endophytic bacteria on inoculated test individuals
and determine impacts to biomass yield, physiology, and growth.
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2.2
2.2.1

Methods
Site Characteristics
This study was conducted on an alluvial and upland site located in Mississippi. The

alluvial site was located near Sidon, Mississippi in Leflore County (33°24’45” N, 90°11’44” W).
The Sidon test site is within the Mississippi Delta, which is an alluvial floodplain of the
Mississippi River in northwest Mississippi that formed over many millennia as a result of
periodic flooding. The current primary land use is row-crop agriculture. Prior to the beginning of
the study, the Sidon site had been planted with soybeans during the previous growing season,
which could increase the levels of nitrogen on the site. The upland site was located in Monroe
County, Mississippi near Hamilton, Mississippi (33°51’24” N, 88°17’10” W). Prior to the
beginning of the study, the site at Monroe County had been planted with peanuts. Figure 2.1
displays the location of the two test sites, and the resource region classifications. In more detail,
the soils on the Sidon site were composed of alluvial soils with the soil series being Tensas silty
clay loam (Web Soil Survey, 2019). The texture is a silty clay loam that is somewhat poorly
drained. The Monroe County site is a relative upland site located on a terrace of the Bartahatchie
River, meaning this site has moderately well drained soil. The soil series here is Prentiss fine
silty loam. The soil has less clay content than the soils in the Delta, but is still considered a
medium texture (Bruce et al., 1970). These soils typically have well-developed horizons, and due
to their older sediment age, are typically less fertile than their alluvial counterparts in this study.
This study site is an exception to this because it has been plowed repeatedly for agricultural
purposes, including before the planting phase of the study, and is more a pseudo upland site, but
still falls under the category of a marginal site.
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2.2.2

Study Design
These varietals were selected based on the Populus Consolidated Clonal Trial conducted

in 2010 and were provided by Mississippi State University and GreenWood Resources Inc.
(Portland, Oregon) for the eastern cottonwood and hybrid poplars respectively. In addition, the
selected hybrid poplars were chosen based on their resistance to Septoria stem canker. Both sites
were planted in 2018, the upland site being planted in April and the alluvial site planted in June,
the slight delay was caused by late spring and summer flooding at the alluvial site location.
Endophytes for inoculation were obtained from Intrinsyx Technologies (Los Altos, California),
and portioned out so that each treatment individual received approximately eight endophyte
“beads”. Prior to planting, both sites were tilled and subsoiled to a depth of 45.72 cm. After
planting, mechanical weed control occurred at the upland site, in addition to chemical weed
control applied to control Bermuda grass (Cynodon dactylon). The goal of the mechanical and
chemical control was to maintain a free growing environment for the study individuals, in which
they lacked herbaceous competition. There was no herbaceous weed control that took place
during the second growing season. In addition, during the second growing season in the summer,
cottonwood leaf beetles (Chrysomela scripta) were detected at the upland site, and aerial
insecticide (Admire Pro, Bayer) was applied at the upland site at this time.
Both sites were set up in replicate block fashion, with each replicate block set up flush
with one another, having all six of the varietals inoculated with endophytes and all six of the
varietals as a control treatment. The upland site had six replicate blocks, with each block
containing three plots planted with eastern cottonwood varietals, ST66, 110412, S7C8, and three
plots planted with hybrid poplar varietals, 5077, 6329, 8019. Clonal plots measured 8.22 x 9.14
m. Clonal parentage is described in Table 2.1. Half of the clonal plots in each replicate block
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were inoculated with endophytic bacteria to observe the impacts on nitrogen concentration in
leaves, photosynthetic rates, and overall biomass production. Within each clonal plot, 15
individuals of the same varietal were planted and the central tree within the plot was the
measurement individual (Fig. 2.2). The alluvial site featured the same components, except with
five replicate blocks due to area constraints of the field site location. Physiological measurements
were taken from the central tree per clonal plot. The varietal stem cuttings were 40.64 cm in
length were dormant, unrooted, and planted at a spacing of 1.83 x 2.74 m.
Table 2.1

Description of Varietals Chosen for Study

Varietal

Parentage

Classification

ST66

P. deltoides x P. deltoides

eastern cottonwood

110412

P. deltoides x P. deltoides

eastern cottonwood

S7C8

P. deltoides x P. deltoides

eastern cottonwood

8019

P. deltoides x P. maximowiczii

hybrid poplar

6329

P. deltoides x P. maximowiczii

hybrid poplar

5077

P. trichocarpa x P. deltoides

hybrid poplar
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Figure 2.1

Mississippi Resource Region Map (Kushla and Oldham, 2017). The red star
symbols on Leflore (alluvial) and Monroe (upland) counties indicate the site
locations
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Figure 2.2

Field Study Design

(A) Configuration of the upland test site featuring clonal and endophytic arrangements
(B) Center measurement tree (red star) within a 15-tree clonal block. The trees were arranged
in 1.83 x 2.74 m plantings, making the measurement plot 8.22 x 9.14 m. Each block
measured 16.45 x 54.86 m.
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2.2.3

Leaf-Level Physiology
During the first growing season of the study (beginning June 2018 and ending October

2018), measurements of photosynthetic rates, leaf-level transpiration, and stomatal conductance
were collected on a monthly basis using a LI-COR 6400XTP Portable Photosynthesis System
(LI-COR Biosciences Inc., Lincoln, Nebraska). These measurements also allowed other
parameters, such as WUE to be calculated, discussed below. Measurements were taken from the
inner tree per clonal plot in each replicate block, and one leaf (that for the most part lacked tears
and physical damage) per individual was sampled a mid-canopy height in full sun during the
morning/afternoon. Light levels within the leaf chamber were set to 1500 mol m-2 s-1 and CO2
was ambient at 400 μmol mol-1, to accurately measurements of physiology in the current
environment. Relative humidity was ambient as well, unless it exceeded 50%, at which point
desiccant was used to maintain levels to less than or equal to 50%.
During the second growing season of the study (June 2019-October 2019), CO2 response
curves (A/Ci) were measured on two individuals per varietal at the alluvial site and three
individuals per varietal at the upland site in July 2019. The numbers vary due to low survival of
the varietals at the alluvial site. The measured individuals were selected because other long-term
physiology measurements, such as water use, were being collected on these individuals as well.
At the upland site, individuals had grown so much from the first growing season that pole
pruners were used to obtain sample leaves to measure, and collected leaves had their branches
placed in a water bottle to continue photosynthetic functioning. From there, a LI-COR 6400
portable photosynthesis system was used to collect measurements. These curves were created at
saturating light conditions (1500 μmol m-2 s-1) by varying CO2 concentrations in the leaf chamber
in the following sequence: 400 μmol mol-1, 300 μmol mol-1, 200 μmol mol-1, 100 μmol mol-1, 50
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μmol mol-1, 400 μmol mol-1, 400 μmol mol-1, 600 μmol mol-1, 800 μmol mol-1. From these
curves, descriptive traits were estimated using curve fitting routines in Microsoft Excel (Sharkey
et al., 2007). The variables of interest including maximum rate of Rubisco-mediated
carboxylation (VCmax), light saturated electron transport rate (Jmax), triose-phosphate utilization
(TPU), daytime respiration (Rday), and mesophyll conductance (gm) were derived. These values
provide an estimate of innate photosynthetic capacity of each individual, as they tell in which
part of the carboxylation process what factor will be limiting. All values were temperature
corrected to 25 C. Figure 2.3 provides a sample A/Ci curve created from one of the study
varietals.
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Figure 2.3

A/Ci curve created from varietal EC-S7C8 without endophytes at the alluvial site

The Y axis is A (net CO2 assimilation, μmol CO2 m-2 s-1) and the X axis is Cc, Pa (which is the
CO2 concentration in the chloroplasts in Pascals, or partial pressure units, as calculated in the
Sharkey et al. (2007) Excel file). Aobs (μmol CO2 m-2 s-1) are the photosynthetic values derived
from altering the CO2 concentration in the LI-COR 6400 portable photosynthetic system. The red
line represents the limitation of the carbon reactions by Rubisco carboxylation. The green line
represents the limitation of the carbon reactions by electron transport (or the regeneration of
RuBP). The yellow line represents the limitation of carbon reactions by the utilization of triosephosphates (TPU). The sum of squares value for this A/Ci curve was 0.025.
Mass-based photosynthetic rate (μmol g-1 s-1) was calculated as:

Mass based photosynthetic rates= P/LMA
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(2.1)

where P (μmol CO2 m-2 s-1) is field measured photosynthesis and LMA is leaf dry mass (g)
divided by the fresh leaf area (cm2; see Section 2.2.4).
WUE is a measure of the ratio of photosynthesis to transpiration and is calculated as:

WUE=

𝑃
𝑇

(2.2)

where WUE is water use efficiency (μmol mmol-1), P is field-measured photosynthesis (mol
CO2 m-2 s-1), and T is field-measured transpiration (mmol m-2 s-1).
2.2.4

Leaf Anatomy, Carbon, and Nitrogen
After gas exchange measurements were conducted, leaves were brought back to the lab in

a cooler and, if needed, the cooler was stored in the refrigerator until he samples were scanned
for their fresh leaf area using a LI-COR 3100 leaf area meter (LI-COR Biosciences Inc., Lincoln,
NE, USA), and then dried at 60° C and weighed to calculate LMA; dry mass/fresh leaf area. A
subset of leaves (329 leaves) from four blocks per site measured monthly during the first
growing season were ground and placed in tin capsules and sent to the University of California,
Davis Stable Isotope Facility (Davis, CA, USA) for analysis of nitrogen concentration (%),
carbon isotope discrimination (𝛿 13C, ‰), carbon concentration (%), and, from there, PNUE.
The ratio of photosynthesis per unit leaf nitrogen content provides a measure of PNUE
(μmol g-1 N s-1), and was calculated as:
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PNUE= P/N

(2.3)

where P is field measured photosynthesis (μmol CO2 m-2 s-1), and N is nitrogen content per unit
leaf area (g N m-2) calculated as N concentration measured from the stable isotope analysis
multiplied by LMA.
Litterfall was collected by sampling 10-15 leaves from directly below each measurement
tree. After litterfall was collected at the end of the growing season in 2018, nitrogen translocated
before leaf drop was calculated as follows: The litterfall sample was dried and ground in the lab,
then placed into tin capsules and analyzed in an ECS 4010 CHNS-O Analyzer (Costech
Analytical Technologies Inc. Valencia, CA, USA). These values allowed for the analysis of
nitrogen (%), carbon (%) and C:N ratios of litterfall. C:N ratios were calculated from the
measured N percent and C percent from the litterfall samples.
Nitrogen translocated (%) is the measure of the amount of nitrogen that was
retranslocated from the leaves before they were dropped and was calculated as:

N translocated (%). = ((Green leaf N - Litterfall N)/(Green leaf N))*100

(2.4)

where green leaf N (%) is the nitrogen in green leaf material and Litterfall N (%) is the nitrogen
in the litter material. Concentrations were gathered from assessing the percentage of N in the
sample for both green leaf N and litterfall N.
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2.2.5

Height, Diameter Growth and Biomass
At the end of the first growing season, total tree height and diameter at breast height

(DBH) measurements were collected from every study individual using a height pole and
diameter tape to assess the relationship between physiological measurements and growth. At the
end of the second growing season in 2019, a subset of study individuals was selected and
harvested to assess biomass. In the field, fresh wood weight (leaves already separated), DBH,
and height were measured. Wood and leaf samples were taken back to the lab, fresh weights and
areas were measured. Then, samples were dried to estimate moisture content and calculate dry
weight, and also calculate total individual biomass by adding the dried woody biomass and the
dried leaf weight together.
2.2.6

Data Analysis
All relevant data analysis was conducted using R software (R version 3.5.2) and nlme

(Bates et al., 2019) and multcomp (Hothorn et al., 2008) packages to perform analysis of
variance and multiple comparison tests respectively, when appropriate. Differences in
productivity and physiological traits (photosynthesis, LMA, transpiration and stomatal
conductance) between the two sites, between the two different Populus taxa, and between
endophytes versus no endophytes were analyzed with mixed effect models, done with
consideration of variability within sites with the replicate blocks as random effects in the model.
Within the model, response variables were the physiological parameters measured and
calculated. Explanatory variables were those of site, taxa, and treatment, and they were fixed.
Regression analysis was performed using R software using packages nlme and lme4 to determine
if physiological parameters (explanatory variable) could be used to predict height, diameter
growth, and biomass (response variable).
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2.3

Results
Below is summary Table 2.2, which contains all of the explanatory variables as well as

their interactions in this study and their significance. The interactions are discussed in detail
throughout the rest of the results section.
Table 2.2

Summary of interactions between physiological and growth parameters (response
variables) and site, taxa, and endophyte treatment (explanatory variables).

Parameter

Site

Taxa

Endophyte

Site
x
Taxa

Site
x
Endophyte

Taxa
x
Endophyte

Site x Taxa x
Endophyte

Photosynthesis
(μmol g-2 s-1)

0.832

0.452

0.577

0.011

0.827

0.478

0.940

Conductance
(mol m-2 s-1)

<0.001

0.170

0.556

0.055

0.910

0.887

0.930

Transpiration
(mmol m-2 s-1)

<0.001

0.359

0.874

0.066

0.684

0.827

0.854

Leaf mass per
area (LMA,
g/cm2)

<0.001

0.225

0.143

0.421

0.499

0.198

0.319

<0.001

0.517

0.659

0.030

0.321

0.691

0.775

Diameter at
breast height
(DBH, cm)

<0.001

0.056

0.628

0.507

0.077

0.789

0.267

Moisture
Content (%)

<0.001

<0.001

0.579

0.866

0.378

0.663

0.447

Height (m)
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Table 2.2 (continued)
Parameter

Site

Taxa

Endophyte

Site
x
Taxa

Site
x
Endophyte

Taxa
x
Endophyte

Site x Taxa x
Endophyte

Woody
Biomass (kg)

<0.001

0.749

0.948

0.162

0.244

0.976

0.427

Total Leaf
Area (m2)

0.110

<0.001

0.222

0.274

0.104

0.289

0.084

Total Biomass
(kg)

<0.001

0.208

0.844

0.183

0.147

0.928

0.248

All values are P values, with the bolded values indicating significance.
2.3.2

Site Comparisons
Averaged across the growing season in 2018, mass-based photosynthetic rates did not

differ significantly across sites, averaging 0.22 μmol g-1 s-1. Across all taxa, LMA differed
significantly and was 7% greater at the alluvial site in comparison to the upland site (Table 2.2).
Leaf-level transpiration rates were 25% greater at the upland site in comparison with the alluvial
site (Table 2.2). Stomatal conductance conversely was 78% greater at the alluvial site in
comparison to the upland site (Table 2.2). The parameters derived from the A/Ci curves
displayed significant site differences and are summarized below in Table 2.3.
Table 2.3

Comparison of gas exchange measurements between the upland and alluvial site
Parameter

Upland Site

Alluvial Site

P Value

Photosynthesis
(μmol g-2 s-1)
Conductance
(mol m-2 s-1)
Transpiration
(mmol m-2 s-1)
Leaf mass per area (LMA,
g/cm2)

0.22 (±0.01)

0.22 (±0.01)

0.843

0.41 (±0.01)

0.73 (±0.01)

<0.001

9.15 (±0.13)

6.82 (±0.07)

<0.001

75.57 (±0.78)

81.0 (±1.24)

<0.001
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Table 2.3 (continued)
Parameter

Upland Site

Alluvial Site

P Value

Rubisco-mediated
carboxylation (VCmax)
(μmol m-2 s-1)
Light saturation electron
transport rate (Jmax)
(μmol m-2 s-1)
Triose-phosphate
utilization (TPU)
(μmol m-2 s-1)
Daytime respiration (Rday)
(μmol m-2 s-1)

366.00 (±74.18)

175.54 (±14.75)

0.040

454.00 (±84.01)

233.83 (±16.61)

0.036

28.00 (±4.41)

15.59 (±0.94)

0.026

62.00 (±11.66)

22.42 (±2.39)

0.007

Stomatal conductance (gm)
(μmol m-2 s-1 Pa1)

10.00 (±1.52)

18.22 (±1.43)

0.005

Values (parameter ± standard error) displayed are averaged between the hybrid poplar and
eastern cottonwood taxa.
Nitrogen concentrations in leaves did not differ significantly and averaged 3.28% (Table
2.4). Carbon isotopic ratios in leaves were 1.5% less negative at the upland site in comparison
with the alluvial site. C:N ratios in the leaf litter were 33% higher at the upland site in
comparison to the alluvial. Nitrogen in leaf litter was significantly higher at the alluvial site by
21% in comparison to the upland site. Nitrogen translocated before leaf drop was not
significantly different between sites and taxa and averaged 38.49%.
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Table 2.4

Summary of site differences in carbon and nitrogen for leaves and litter
Parameter
Nitrogen Leaf
Concentration (%)

Upland Site
3.34 (±0.06)

Alluvial Site
3.22 (±0.11)

P Value
0.316

Leaf Carbon Isotopic
Ratios (‰)

-29.48 (±0.09)

-29.92 (±0.06)

<0.001

Carbon to Nitrogen Litter
Ratio

21.00 (±0.69)

15.82 (±0.74)

0.020

Nitrogen Litter
Concentration (%)

2.17 (±0.05)

2.64 (±0.10)

<0.001

Nitrogen Translocated (%)

41.36 (±1.65)

35.61 (±2.61)

0.909

Values (parameter ± standard error) displayed are the average between the hybrid poplar and
eastern cottonwood taxa.
Biomass measurements were taken at both sites at the end of the first and second growing
season in the fall (Table 2.5). At the end of the first growing season, SRWC were significantly
(137%) taller at the upland site in comparison to the alluvial site. Similarly, DBH was also
significantly (161%) greater at the upland site in comparison to the alluvial site. At the end of the
second growing season, SRWC were significantly (137%) taller at the upland site in comparison
with the alluvial site. Similarly, DBH was also significantly (87%) greater at the upland site in
comparison to the alluvial site. Moisture content of the timber of the harvested individuals was
significantly (7%) higher at the upland site. Woody biomass was also significantly (270%)
higher at the upland site in comparison to the alluvial site. Total biomass (dry wood biomass and
dry leaf biomass) was significantly (192%) higher at the upland site in comparison to the alluvial
site. There was no significant difference in total leaf area between the sites and averaged 4.56
m2.
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Table 2.5

Biomass differences between the upland and alluvial site
Parameter
Height (m)

Year
Measured
2018

Upland Site

Alluvial Site

P Value

4.14
1.75
<0.001
(±0.03)
(±0.03)
Diameter at breast
2018
2.77
1.06
<0.001
height (cm)
(±0.08)
(±0.05)
Height (m)
2019
7.61
3.21
<0.001
(±0.22)
(±0.16)
Diameter at breast
2019
6.69
3.58
<0.001
height (DBH, cm)
(±0.21)
(±0.27)
Moisture Content
2019
47.99
41.36
<0.001
(%)
(±0.41)
(±0.67)
Woody Biomass
2019
6.07
1.64
<0.001
(kg)
(±0.44)
(±0.22)
Total Leaf Area (m2)
2019
5.45
3.67
0.110
(±0.65)
(±0.91)
Total Biomass (kg)
2019
6.75
2.13
<0.001
(±0.50)
(±0.35)
Values (parameter ± standard error) displayed are the average between the hybrid poplar and
eastern cottonwood taxa.
2.3.3

Taxa and Varietal Comparisons
Leaf-level physiology measured during the first growing season in 2018 did not display

any significant differences when comparing hybrid poplar and eastern cottonwood taxa across
both sites (Table 2.6).
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Table 2.6

Comparison of leaf-level gas exchange measurements taken during the first
growing season between taxa
Parameter

hybrid poplar

P Value

0.22 (±0.01)

eastern
cottonwood
0.22 (±0.01)

Photosynthesis
(μmol g-1 s-1)
Conductance
(mol m-2 s-1)

0.58 (±0.02)

0.53 (±0.02)

0.170

Transpiration
(mmol m-2 s-1)

8.17 (±0.19)

7.94 (±0.17)

0.359

0.457

Leaf mass per area 77.18 (±1.21)
78.89 (±0.87)
0.253
(LMA)
(g/cm2)
Values (parameter ± standard error) displayed are averaged across study sites to compare hybrid
poplar and eastern cottonwood taxa.
Photosynthetic nitrogen use efficiency (PNUE) was significantly greater (P=0.0064) for
hybrid poplars compared to eastern cottonwoods (7.81 vs. 7.23 mol g-1 N s-1 respectively; Fig.
2.4) across both sites.
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Figure 2.4

Taxa and site interactions on photosynthetic nitrogen use efficiency (PNUE).

Significant differences are indicated by the differing letters, parameters with the same letter did
not have any significant differences between taxa. Hybrid poplars (HP) are in the dark maroon
and dark blue colors and eastern cottonwood (EC) are bright red and bright blue colors. = 0.05.
Error bars are standard error.
Opposingly, nitrogen concentrations in leaves were significantly greater (P<0.0001) for
eastern cottonwoods compared to hybrid poplars (3.42 vs. 3.03% respectively; Fig. 2.5). For
litterfall collected at the end of the growing season in 2018, nitrogen concentrations were
significantly (P=0.0092) greater for eastern cottonwoods in comparison to hybrid poplars (2.81
vs. 2.58 % respectively; Fig. 2.5).
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Figure 2.5

Comparison of nitrogen concentration (%) between taxa fresh leaves and leaf litter.
Hybrid poplar (HP) taxa are displayed in blue and eastern cottonwood (EC) taxa
are displayed in red.

(A) The solid bars indicate fresh leaf N concentration (%)
(B) The striped bars indicate litterfall N concentrations (%)
Significant differences are indicated by different lettering in each panel, and the same letters
indicated no significant difference between values. = 0.05. Error bars are standard error.
For litterfall as well, hybrid poplars had significantly (P=0.0107) greater C:N ratios than
eastern cottonwoods (19.62 vs. 17.21 respectively; Fig. 2.6).
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Figure 2.6

Carbon to nitrogen (C:N) ratios comparison for litterfall of taxa

Significant differences are indicated by the differing letters. = 0.05. Error bars are standard
error.

A comparison summary of biomass values between taxa taken at the end of 2018 and at
the end of 2019 can be found below in Table 2.7. At the end of the first growing season in 2018
when biomass measurements were taken, across sites, hybrid poplars were significantly taller
than eastern cottonwoods (27%) but had similar diameters averaging 2.44 cm. Biomass
measurements taken at the end of the second growing season in 2019 displayed that there was no
significant taxa difference in height, and the SRWC averaged 5.81 m. As with the first growing
season, DBH between taxa was similar, and averaged 5.44 cm. Moisture content of the timber of
the harvested individuals was significantly different for hybrid poplars compared to eastern
cottonwoods. Woody biomass was not significantly different for eastern cottonwood taxa
compared to hybrid poplar taxa. Similarly, total leaf area was also significantly (187%) higher
for eastern cottonwood in comparison to hybrid poplar. Finally, total biomass was not
significantly different between taxa.
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Table 2.7

Comparison of year 1 and year 2 biomass measurements between taxa
Parameter

Hybrid poplar

P Value

4.07 (±0.05)

Eastern
cottonwood
3.21 (±0.04)

Height 2018 (m)
Height 2019 (m)

5.88 (±0.52)

5.75 (±0.38)

0.836

Diameter at breast height
(DBH) 2018 (cm)
Diameter at breast height
(DBH) 2019 (cm)
Moisture Content (%)

2.56 (±0.11)

2.32 (±0.12)

0.307

4.94 (±0.37)

5.94 (±0.35)

0.056

46.78 (±0.79)

43.85 (±0.71)

0.008

Woody Biomass (kg)

4.15 (±0.64)

4.39 (±0.49)

0.761

Total Leaf Area (m2)

2.42 (±0.48)

6.95 (±0.77)

<0.001

Total Biomass (kg)

4.41 (±0.66)

5.32 (±0.59)

0.208

<0.001

Values (parameter ± standard error) have been averaged across the sites to compare taxa.

Across taxa and sites, transpiration and WUE parameters were the only physiological
parameters that were significantly correlated with overall height growth during the first growing
season. Seasonal transpiration was significantly, positively correlated with DBH and height
growth (Fig. 2.7 A-B). Leaf-level seasonal water use efficiency was significantly negatively
correlated with DBH and height (Fig. 2.7 C-D). Similarly, there was a significant positive
logarithmic relationship between total leaf area and DBH (Fig. 2.8)
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Figure 2.7

Significant relationships between physiological parameters, height growth, and
DBH growth for the first growing season (2018).

The maroon triangles represent eastern cottonwoods and the blue circles represent hybrid poplars
from both the alluvial and upland site.
(A) Relationship between transpiration (mmol m-2 s-1) and DBH (cm) for year 1 biomass. There
was no significant difference between the taxa slopes, and the resulting regression equation for
the data was: DBH = 0.6661(transpiration) – 3.1581, R2 = 0.57. P<0.001.
(B) Relationship between transpiration (mmol m-2 s-1) and height (m) for year 1 biomass. There
was no significant difference between the taxa slopes, and the resulting regression equation for
the data was: Height = 0.7323(transpiration) – 2.3994, R2 = 0.59. P<0.001.
(C) Relationship between WUE (μmol mmol-1) and DBH (cm) for year 1 biomass. There was no
significant difference between the taxa slopes, and the resulting regression equation for the data
was: DBH = -1.7536(WUE) + 6.996, R2 = 0.40. P=0.034.
(D)
-1
Relationship between WUE (μmol mmol ) and height (m) for year 1 biomass. There was no
significant difference between the taxa slopes, and the resulting regression equation for the data
was: Height = -2.0967(WUE) + 9.1722, R2 = 0.47. P=0.007.
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Figure 2.8

Significant relationship between total leaf area (m2) and Diameter at breast height
(DBH) (cm) from biomass measurements taken during the second growing season
(2019).

The maroon triangles represent eastern cottonwoods and the blue circles represent hybrid poplars
from both the alluvial and upland site. There was a positive logarithmic relationship, with a
resulting equation of: DBH = 1.137ln(Total Leaf Area) + 4.180, R2=0.43. P=0.004.
For individual varietals, there were observed differences in leaf-level physiology (Table
2.8). Varietal HP-5077 had 4% lower photosynthetic parameters in comparison to HP-8019.
Varietal HP-6329 had 10% greater LMA values when compared to HP-8019. Leaf-level
transpiration rates were 8% greater for HP-8019 when compared to EC-S7C8 and EC-ST66.
Similarly, HP-8019 also had 17% higher stomatal conductance rates when compared to EC110412.
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Table 2.8

Leaf-level physiology significant varietal comparisons

Parameter
Photosynthesis
(μmol g-1 s-1)

HP-8019
0.24A
(±0.01)

HP-5077
0.20B
(±0.01)

HP-6329
0.22AB
(±0.01)

EC-110412
0.22AB
(±0.01)

EC-ST66
0.22AB
(±0.01)

EC-S7C8
0.23AB
(±0.01)

Leaf mass per
area (LMA)
(g/cm2)
Transpiration
(mmol m-2 s-1)

74.63B
(±1.53)

79.24AB
(±1.47)

81.81A
(±2.71)

78.0AB
(±1.01)

80.11AB
(±1.70)

73.43AB
(±1.43)

8.56A
(±0.31)

7.95AB
(±0.39)

7.99AB
(±0.27)

8.04AB
(±0.27)

7.85B
(±0.32)

7.91B
(±0.29)

Conductance
(mol m-2 s-1)

0.63A
(±0.04)

0.54AB
(±1.47)

0.57AB
(±0.03)

0.52B
(±0.04)

0.53AB
(±0.03)

0.55AB
(±0.04)

Values (parameter ± standard error) have been averaged across sites to compare individual
varietals. Significant differences are noted with differing letters, if values have the same letter
there was no significant difference observed. = 0.05.

For PNUE, HP-8019 had, on average, 17 % higher PNUE in comparison to all other
individuals (Fig. 2.9). Carbon isotopic ratios were 2% more negative than all other varietals (Fig.
2.10). Varietals HP-8019 had, on average, 9% greater moisture content compared to the rest of
the varietals besides HP-5077. Similarly, HP-8019 also had, on average, 94% higher woody
biomass compared to HP-6329 and HP-5077. HP-5077 and HP-8019 had 347% lower total leaf
area, on average, when compared to EC-S7C8 and EC-ST66. Varietals HP-5077 had 83% lower
total biomass compared to HP-8019 and EC-S7C8. Biomass results are summarized in Table 2.9.
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Figure 2.9

Comparison of significant differences in photosynthetic nitrogen use efficiency
(PNUE) (μmol g-1 N s-1) between individual varietals.

Significant differences are indicated by the differing letters, varietals with the same letter did not
have any significant differences. = 0.05. Error bars are standard error.

40

Figure 2.10

Comparison of significant difference in carbon isotopic ratios (𝛿 13C; ‰) of
individual varietals

Significant differences are indicated by the differing letters, varietals with the same letter did not
have any significant differences. = 0.05. Error bars are standard error.
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Table 2.9

Significant varietal differences in year two biomass measurements

Parameter
Moisture
Content (%)

HP-8019
48.53A
(±1.28)

HP-5077
44.81BC
(±1.01)

HP-6329
46.78AB
(±1.59)

EC-110412
43.11C
(±0.93)

EC-ST66
44.71BC
(±1.24)

EC-S7C8
43.75C
(±1.55)

Woody
Biomass (kg)

6.06A
(±1.49)

3.16B
(±0.81)

3.10B
(±0.57)

3.89AB
(±0.71)

4.15AB
(±0.87)

5.12AB
(±0.99)

Total Leaf Area
(m2)

1.32B
(±0.35)

4.03AB
(±0.13)

2.07B
(±0.39)

5.43AB
(±0.79)

7.10A
(±0.13)

8.34A
(±0.16)

Total
Biomass (kg)

6.16A
(±1.53)

3.49AB
(±0.88)

3.36B
(±0.63)

4.40AB
(±0.81)

4.97AB
(±1.05)

6.11A
(±1.21)

Values (parameter ± standard error) have been averaged across sites to compare individual
varietals. Significant differences are indicated by the differing letters, varietals with the same
letter did not have any significant differences. Values are ± standard error. = 0.05.

2.3.4

Genotype x Environment (GxE) Interactions
A genotype by environment interaction was significant (P=0.011) for photosynthetic rates

with hybrid poplars exhibiting higher rates at the upland site and eastern cottonwood exhibiting
higher rates at the alluvial site (Fig. 2.11).
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Figure 2.11

Genotype x environment interaction for photosynthesis (μmol g-1 s-1).

Significant differences are indicated by the differing letters, taxa with the same letter did not
have any significant differences. The upland site is displayed in varying red shades, with hybrid
poplars being darker red and eastern cottonwoods being lighter red. The alluvial site is displayed
in varying shades of blue, with hybrid poplars being darker blue and eastern cottonwoods being
lighter blue. = 0.05. Error bars are standard error

There were no other significant G x E interactions for leaf-level physiology. For nitrogen
concentration, hybrid poplar taxa displayed higher percentages at the upland site compared to the
alluvial site (0.46%) and eastern cottonwood taxa had higher percentages at the alluvial site in
comparison to the upland site (0.27%), summarized in Table 2.10. Carbon isotopic ratios, C:N
ratio, and nitrogen concentration in litterfall did not display any significant G x E interactions.
Similarly, there were no significant G x E interactions for moisture content (%), woody biomass,
total leaf area, or total biomass for measurements taken at the end of the growing season in 2019.
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Table 2.10

G x E interaction between nitrogen concentration in leaves between the upland and
alluvial site
Site
Upland

N%
3.34A
(±0.01)
eastern cottonwood
3.35B
(±0.01)
Alluvial
hybrid poplar
2.88B
(±0.01)
eastern cottonwood
3.62A
(±0.01)
Significant differences are indicated by the differing letters, taxa with the same letter did not
have any significant differences. Values are parameter ± standard error. = 0.05.

2.3.5

Varietal
hybrid poplar

Endophyte Comparisons
There were no observed differences in endophyte treatments for leaf-level physiology

measurements taken during the first growing season in 2018. Similarly, there were no differences
observed in moisture content, woody biomass, total leaf area, or total biomass between
treatments for biomass measurements taken at the end of the second growing season,
summarized in Table 2.11.
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Table 2.11

Differences in endophyte treatments concerning biomass
Parameter

Without Endophyte
Treatment
45.19 (±0.85)

P Value

Moisture Content (%)

With Endophyte
Treatment
45.40 (±0.74)

Woody Biomass (kg)

4.26 (±0.53)

4.28 (±0.61)

0.980

Total Leaf Area (m2)

5.03 (±0.65)

4.43(±0.87)

0.306

Total Biomass (kg)

4.91 (±0.58)

4.83 (±0.67)

0.928

0.848

Varietals have been averaged across sites and taxa to compare endophyte treatments. Significant
differences are indicated by the differing letters, varietals with the same letter did not have any
significant differences. Values are parameter ± standard error.

2.4

Discussion
Based on the measurements recorded between sites and taxa, the overall hypothesis that

parameters such as leaf area and WUE would be better indicators of growth than photosynthetic
capacity and leaf nitrogen content were supported. This was expected as the literature has several
examples of leaf traits and WUE being significantly positively correlated with productivity.
During the first growing season, WUE was one of the only physiological parameters that was
significantly correlated with height and DBH growth, with a negative relationship, meaning that
as the varietals used their water resources more efficiently, less growth was observed in terms of
diameter and height. This relationship was expected, and mirrors other crop studies that display
an increased WUE leads to a decrease in growth, such as root weight/root length (Zhang et al.,
2002). During the second growing season, DBH was positively correlated with overall total
biomass, and total leaf area was also positively correlated with increased DBH values, as
expected (Ridge et al., 1986). This indicates that the more leaf area an individual has, the larger
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it is able to grow, potentially because the greater leaf area allows for more physiological
processes to happen at a faster rate.
Between the sites, year two biomass measurements were overall greater at the upland
site, potentially due to adverse planting timing at the alluvial site where the varietals were
planted in late June and the conditions were more volatile (e.g. hotter temperatures). Nitrogen
concentrations could be an indicator that the upland site had higher soil nitrogen availability and
that eastern cottonwoods have more efficient nitrogen uptake (Craine et al., 2009). The less
negative carbon isotopic ratios at the upland site are an indicator of water stress, which was
expected when compared to the alluvial site due to an increase in water at the alluvial site
compared to the drier upland site (Shangguan et al., 2000). In opposition to the first hypothesis,
this water stress at the upland site did not seem to indicate an adverse effect on productivity of
the SRWC at the upland site, which performed better than the SRWC at the alluvial site. Again,
this is possibly due to adverse planting conditions resulting in stunted growth at the alluvial site.
Hybrid poplars performed significantly better at the upland site in terms of photosynthetic rates
and nitrogen concentration, and eastern cottonwoods performed significantly better at the alluvial
site for the same parameters, indicating that hybrid poplar varietals were able to function better at
the upland site and eastern cottonwood varietals at the alluvial site. These results are similar to
those found in Rousseau et al. (2018) with similar sites and taxa chosen. The significant
differences in biomass measurements observed between the taxa could likely be driven by how
small the hybrid poplars at the alluvial site were.
In contrast with the second hypothesis, there were no instances of significant differences
between endophyte treated individuals and the control with regard to physiological parameters,
carbon ratios, nitrogen concentrations, and overall biomass. This is dissimilar from other
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research with a similar study length which indicates the benefits of endophytes for increasing
overall biomass and productivity, such as Knoth et al. (2013). This could be due to this specific
study length not being long enough to see the benefits of the bacteria at work or potential latency
of the bacteria, where the bacteria remain metabolically inactive for a period of time until the
vegetation is more established (Hallmann et al., 1997). Additionally, it could be because of the
poor planting time at the alluvial site negating any endophyte benefits for that specific site. There
also could have been benefits of endophytes that were not tested for, such as an increase in leaf
toughness, decreasing overall herbivory rates (Khare et al., 2018).
There were several significant differences among varietal performance. The standout
varietals were HP-8019 and EC-S7C8 in terms of higher physiological parameters and higher
PNUE, indicating these varietals used their resources more efficiently, then leading to increased
levels of processes such as photosynthesis. These two varietals also had the most negative carbon
isotopic ratios, meaning they were less water stressed overall. This also could indicate that these
two varietals were not as water use efficient as the others, or that these varietals were more
deeply rooted, having more access to water resources, especially the hybrid poplar taxa, which
has been observed to have an extensive and deep rooting system (Friend et al., 1991). In terms of
year two biomass, HP-8019 and EC-S7C8 had higher values of moisture content and woody
biomass, but HP-8019 had significantly low values of total leaf area, which could be due to
observed earlier leaf drop time in comparison to eastern cottonwoods, which held on to their
leaves later into the end of the growing season as observed in the study. In contrast, EC-S7C8
had significantly high values of total leaf area and total biomass. The exceptionally low values of
total leaf area and total biomass could be due to the poor performance and survival of all of the
varietals at the alluvial site, where the varietals that did survive were stunted in growth and
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lacked leafy vegetation, especially the hybrid poplars at the alluvial site. These data indicate that
HP-8019 and EC-S7C8 are the varietals of interest for further testing for the respective species. It
also indicates that hybrid poplars perform better at sites similar to the upland study site, and
eastern cottonwood varietals perform better at sites more similar to the chosen alluvial site.
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CHAPTER III
WATER USE, PRODUCTIVITY, AND EFFECT OF ENDOPHYTES ON EASTERN
COTTONWOOD AND HYBRID POPLAR FROM AN
UPLAND AND ALLUVIAL SITE
3.1

Introduction
Short rotation woody crops (SRWC) have gained popularity in recent decades as an

emerging forestry product suitable for biofuels and bioenergy. Biofuels are an emerging market,
and as renewable energy sources, are being sought out in lieu of fossil fuels for energy in an
effort to decrease greenhouse gas emissions (Sannigrahi et al., 2010). SRWC are wide ranging in
species, from poplars to eucalyptus, but they all share similar characteristics such as, rapid
growth, high biomass production rates, and renewability aspects (Coleman and Stanturf, 2006).
There are also economic benefits to the implementation of SRWC plantations on agricultural
land for phytoremediation purposes with the potential to increase the value of currently degraded
landscapes by removing accumulation of metals (Langholtz et al., 2007). In order to create a
viable market for SRWC, the feedstock planted must eventually become financially viable in
terms of biomass yields and environmental benefits derived. Although hybridization among
Populus species was first done in an effort to increase pulpwood yields, it is evident that those
hybrid genotypes would also be beneficial for increasing biomass yields. Hybrid poplars are
derived from the compatible breeding of different individuals in the Populus species with the
focus on traits that are beneficial for specific goals, such as: increased biomass, rapid growth,
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and increased wood quality (Bandaru et al., 2015). Bandaru et al. (2015) also discuss the
ecological benefits of hybrid poplars such as carbon sequestration (0.2 to 0.7 tons per acre per
year in topsoil), phytoremediation, and site protection from soil erosion and agricultural waste
runoff.
Site characteristics are extremely important when planting SRWC for biofuels and
instead of traditional food crops. In the southeastern United States, much of the current land base
used by traditional agriculture crops would be very suitable areas for SRWC plantings, such as
sites historically used for soybeans or cotton (Davis and Trettin, 2006). SRWC may also face
challenges depending on whether they are planted at an upland or bottomland site. Upland sites
may have a deeper water table, and SRWC may require more intensive water management for
growth, creating concerns over conflicting goals of climate change mitigation and increased
water use (Fischer et al., 2018). In contrast to upland sites, bottomland sites (i.e alluvial sites) are
also suitable for agricultural and SRWC plantings and possess increased water availability and
higher amounts of inherent nutrients (Hubbart et al., 2011). Due to the likelihood of alluvial sites
already being planted with agriculture crops and not wanting to disrupt natural bottomland
ecosystems, there are potentially more spaces available at upland sites for SRWC plantings. In
turn, this also means that SRWC plantings are more likely to be located on marginal landscapes.
In these areas, it has been observed that Populus plantings are superior to any other SRWC
because they provide a high yield output in comparison (Stolarski et al., 2014). Not only do site
characteristics impact biomass production potential of SRWC, individual species have differing
water use needs which could impact the site in which they are planted. Eastern cottonwoods have
been observed to have higher transpiration in early stages of growth, indicating that this riparian
species will require more water with increased biomass development (Vose et al., 2000). Hybrid
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poplars have also been observed to increase sap flow with increased sapwood area, and in times
of water stress, either used a developed root system to acquire more water, or displayed stunted
growth (Zalesny Jr. et al., 2006).
Water availability is one of the biggest limiting factors of growth and productivity for
SRWC plantations (Zalesny Jr. et al., 2006). Greater moisture availability lead to increased
levels of stem diameter growth and leaf area index (LAI), which enhances growth where an
increase in biomass also increases area to acquire nutrients for growth (Coyle et al., 2004). Water
usage is an important factor when deciding whether to plant SRWC to ensure that environmental
goals are not competing, such as the desire to improve the environment through the usage of
SRWC as a biofuel source and the depletion of water resources by SRWC on already marginal
landscapes. Varieties of SRWC such as eucalyptus have been observed to reduce water tables
and streamflow due to their increased water usage in comparison to established grasslands
(Vance et al., 2014). There is the potential that inoculation with endophytes could increase
overall WUE of SRWC through the moderation of stomatal conductance and stomatal density
(Rho et al., 2018). Griffiths et al. (2018) have also explored how water balance can be achieved
in SRWC plantations through lower water usage after harvest and during establishment offsetting
higher water usage later on during the rotation that is related with increased productivity. Harper
et al. (2013) studied the impact of SRWC on soil water content and found that SRWC planted in
upland areas decreased the soil water more so than SRWC in lowland areas, and the upland
vegetation also had decreased biomass production. Despite water usage for SRWC, there are
other benefits to water provided by the planting of SRWC. Due to their non-hyperaccumulating
(do not accumulate high concentrations of metals) properties, SRWC have been observed to
improve water quality through the uptake of contaminants and pollutants, implying an overall
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positive impact in terms of water quality on the landscape because of the impact of SRWC on
groundwater leaching (Dimitriou et al., 2009).
The goal of this chapter was to determine how SRWC interact with the test sites, mainly
water use in relation to sap flow and biomass, focused on Populus selections specifically, on
varying landscapes. From here, planting recommendations can be made based on the results of
the water use and productivity of the tested varietals for similar sites in the southeastern United
States. The overall objective of this chapter was to determine the relationship between sap flow
and biomass and productivity for six Populus genotypes and assess the impacts of endophyte
additions on varietal biomass production. This is applicable for both economic and
environmental management goals, such as the use of SRWC as a biofuel source. Based on
previous studies and research, the central hypothesis was that water use and LAI will be
indicators of functionality and productivity across sites because of the known positive connection
between LAI and biomass production, and that the alluvial site and eastern cottonwood taxa
would have increased water use due to the riparian nature of the species and the abundance of
water at the alluvial site. Also, it was hypothesized that the addition of endophytes would
increase WUE.
The main objectives of this chapter are:
1. Determine whole-tree water use efficiency for varietals and compare between sites.
2. Assess water use and efficiency on a leaf and whole-tree basis for varietals and relate to
productivity and carbon isotopic ratios.
3. Assess the impact of the addition of endophytic bacteria on inoculated test varietals and
determine impacts to water use and efficiency.
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3.2
3.2.1

Methods
Site Characteristics
See section 2.2.1 in Chapter 2.

3.2.2

Study Design
See section 2.2.2 in Chapter 2. More specifically, rates of sap flow were measured on the

inner, middle tree in each genotype block in three replicate blocks, for a total of 35 trees at the
upland site, and 24 trees at the alluvial site due to space and survival constraints. The measured
replicate blocks were chosen based on quality (e.g. larger diameter and taller trees were chosen)
and survival of the varietals in the block. At the upland site, half of blocks three and six along
with complete blocks of four and five were used for water use. At the alluvial site, due to
variability in block survival, two suitable trees from each varietal type were used for sap flow
measurements, and were found in blocks two, three, four, and five. At the upland site, sap flow
was measured from September 2018-October 2018, and then from May 2019-October 2019. At
the alluvial, site sap flow was measured from June 2019-October 2019. The alluvial site was
measured later than the upland site due to the small diameter of the varietals at the alluvial site
being unsuitable for sap flow sensors to be installed.
3.2.3

Climate and Soil Conditions
Atmospheric conditions, such as air temperature and relative humidity (HMP60

Temperature and Relative Humidity Probe; Vaisala, Helsinki, Finland), photosynthetically active
radiation (PAR; LI190SB Quantum Sensor; LI-COR Biosciences Inc., Lincoln, NE), rainfall
(TE525MM Rain Gauge; Texas Electronics, Dallas, TX), and soil moisture (CS 616 Time
Domain Reflectometry Probe; Campbell Scientific Inc., Logan, UT) were measured at the two
53

field sites on a continuous basis. This was accomplished through the use of solar panel powered
sensors connected to a CR1000 datalogger (Campbell Scientific Inc., Logan, UT) located at the
edge of the replicate blocks. The sensors collected data every 30 seconds and averaged data
every 30 minutes. This information was used in the sap flow analysis and to calculate vapor
pressure deficit (VPD). This value was calculated from the collected air temperature and relative
humidity data.
3.2.4

Whole-tree Water Use and Efficiency
Water use was measured half hourly for study individuals in four replicate blocks as

described above using heat dissipation sap flow sensors (Granier, 1987). These sensors work
through the application of heat to the stem and a decrease in temperature that occurs when water
is flowing through the stem xylem. There are two needle components of the sensors, with one
being heated and the other being at ambient temperature in the sapwood (Fig. 3.1). These two
needles contain thermocouples and the datalogger measures the difference in temperature every
30 seconds and averages data half hourly. From these differences and the maximum temperature
difference occurring at nighttime, sap flow velocity was calculated using BaseLiner version 3.0
(Oishi et al., 2016). The equation for sap flow velocity is as follows (Granier 1987):

𝐹𝑑 = 119 × (

∆𝑇𝑚𝑎𝑥 − ∆𝑇
)
∆𝑇

1.231

(3.1)

where Fd is the sap flux velocity measured in g H2O m-2 sapwood area s-1, ∆T is the
temperature difference between the two sensors and ∆Tmax is the maximum temperature
difference measured between the two needles at pre-dawn measurements when the sap flux
density is assumed to be zero (Granier 1987). These sensors were connected to a datalogger
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(CR1000) and associated multiplexer (AM16/32B; Campbell Scientific Inc., Logan, UT).
Whole-tree transpiration rates (kg day-1) were calculated by summing half-hourly sap flow rates
(kg m-2 s-1) and multiplying by the sapwood area of each individual. To calculate the sapwood
area, first bark thickness was estimated by subtracting the average wood diameter (cm) from the
ground line diameter (cm) and dividing by two for the trees harvested in 2019 (see section 2.2.5
in Chapter 2 for more details on trees harvested at the end of the growing season in 2019). Then,
the bark thickness for the trees in 2018 was estimated through the linear relationship between
DBH and bark thickness. The bark thickness estimations were then subtracted from the ground
line diameter values to estimate the wood only area of the individuals. From there, regressions
were made between diameter and wood area, allowing for the sapwood area to be calculated
based on the diameters measured at the beginning of the 2019 growing season. Whole-tree water
use efficiency was determined by calculating the ratio of aboveground productivity (described
below) and total water use during the 2019 growing season. Any gaps or missing sap flow data
were filled by using environmental parameters such as solar radiation, soil moisture, air
temperature, and relative humidity, to model sap flow where the data were missing.
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Figure 3.1

Sap flow sensors with context of orientation of the sensors to the main stem of the
measurement tree from the site in Monroe County

Sensors were covered by an aluminum shield to protect from the elements and insects, not
pictured.

3.2.5

Whole-tree Productivity and LAI
During the summer of 2019 at the peak of the growing season, leaf area index was

measured in the center of each genotype block for a total of 72 measurements using a LAI 2000
leaf area meter (LI-COR Biosciences Inc., Lincoln, NE). This machine calculates LAI and other
56

canopy characteristics based on an optical sensor and the degree of light interception beneath the
canopy. Measurements were taken under non-clouded sky conditions beneath the canopy at even
intervals along the clonal block by the center tree of each clonal measurement plot.
At the end of the growing season in 2019, the sap flow trees were harvested, and fresh
field weight of the woody material was measured (see section 2.2.5 in Chapter 2 for more
information). This allowed for aboveground productivity to be estimated for 2019 by subtracting
the total dry wood weight of the sap flow trees from a predicted value for 2018 that was
estimated through linear regression. This predicted value of woody biomass for 2018 was
predicted by assessing the relationship between DBH, height, and woody biomass in 2019 with a
linear regression, a strong positive relationship was observed (Fig. 3.2). This equation was used
to predict the values of woody biomass at the end of the growing season in 2018. These
parameters were used due to a well-documented relationship and high predictability (Chave et
al., 2005)

57

Figure 3.2

Relationship between diameter at breast height (DBH)2 (cm) * height (m), and
woody biomass (g).

The resulting equation from the linear regression is:
Woody Biomass= 473.75+8.16(DBH2*Height), r2=0.82.

3.2.6

Data Analysis
All relevant data analysis was conducted using R software (R version 3.5.2) and nlme

(Bates et al., 2019) and multcomp (Hothorn et al., 2008) packages to perform analysis of
variance and multiple comparison tests respectively, when appropriate. Differences in
physiology (WUE) between the two sites, between the two different Populus taxa, and between
endophytes versus no endophytes were analyzed with mixed effect models, done with
consideration of variability within sites across replicate blocks as random effects in the model.
Regression analysis was performed using R software using packages nlme and lme4 to determine
if water use parameters were significantly correlated with carbon isotope estimates (these
methods are described in section 2.2.4 in Chapter 2). LAI field measurements were analyzed
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using FV2200 version 2.1.1 (LI-COR Biosciences, Inc., Lincoln, NE), then transferred to R
software. Sap flow was calculated originally in BaseLiner (Oishi et al., 2016) as mentioned
above, and then analysis to observe any significant differences was carried out in R software.
3.3
3.3.1

Results
Site Comparisons
Averaged across the first growing season and between varietals, leaf-level WUE was

significantly (P<0.0001) higher at the alluvial site in comparison to the upland site (3.05 vs. 2.35
μmol mmol-1 respectively; Fig. 3.3).

Figure 3.3

Comparison of leaf-level water use efficiency (WUE) between sites.

Significant differences indicated by differing letters. = 0.05. Error bars are standard error.
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Sap flow averaged across varietals between sites was significantly (P<0.001) higher at
the upland site in comparison to the alluvial site for average daily sap flow (2211.46 vs. 976.03
kg H2O m-2 day-1 respectively; Fig. 3.4).

Figure 3.4

Comparison of average daily sap flow between sites.

Significant differences indicated by different letters. = 0.05. Error bars are standard error.

Similarly, total monthly sap flow was significantly (P<0.001) higher at the upland site for
each month that sap flow measurements were collected (46909.93 vs. 26188.23 kg H2O m-2
month-1 respectively; Fig. 3.5 and Table 3.1).
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Figure 3.5

Comparison of average monthly sap flow between sites

Significant differences indicated by different letters. = 0.05. Error bars are standard error.
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Table 3.1

Comparison of average monthly sap flow (kg H2O m-2 month-1) between sites for
the end of growing season one and growing season two.
Year
2018
2018
2019

Month
September
October
May

Upland Site
38499.80
(±2055.13)

Alluvial Site
-

49742.11
(±2809.37)

-

62505.75
(±3924.21)

-

P Value
-

2019

June

51484.72
(±3200.42)

39335.81
(±3707.98)

0.016

2019

July

56489.46
(±3243.14)

32761.28
(±3543.01)

<0.001

2019

August

47510.26
(±2543.14)

21821.97
(±2859.05)

<0.001

2019

September

17599.5
(±2683.18)

26729.19
(±3612.06)

0.047

2019

October

12902.14
(±5999.92)

5445.54
(±1024.84)

0.084

Values (parameter ± standard error) are monthly sap flow.

For 2019 seasonal whole-tree WUE, there was a significant (P=0.045) difference between
sites, where seasonal whole-tree WUE was higher at the alluvial site in comparison to the upland
site (13.19 vs. 8.78 g biomass per kg H2O respectively Fig. 3.6).
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Figure 3.6

Comparison of 2019 seasonal whole-tree WUE between the upland and alluvial
site.

Significant difference is indicated by different letters. = 0.05. Error bars are standard error.

There was no significant difference for slope terms between taxa calculated from the
relationship between daily sap flow and daily PAR across sites, and the slopes had a positive
relationship with average daily sap flow at each site (Table 3.2). For VPD, a positive relationship
for the slopes of the linear relationship between VPD and average daily sap flow was observed,
and it was significantly higher at the upland site (Table 3.2). For soil moisture, there was a
significant difference between sites for the slopes of linear regressions between soil moisture and
daily sap flow, and the slope for soil moisture was significantly more negative at the upland site
(Table 3.2).

63

Table 3.1

Comparison of environmental factors in relation to average daily sap flow between
sites
Parameter

PAR
(kg H2O m-2 day-1/mol m-2
day-1)
VPD
(kg H2O m-2 day-1/kPa)
Soil Moisture
(kg H2O m-2 day-1/%)

Upland site
slope
26.48
(±2.70)

Alluvial site
slope
15.44
(±8.75)

P Value

811.69
(±55.23)

281.50
(±172.07)

0.001

-48.22
(±6.06)

1.05
(±28.11)

<0.001

0.173

Values (parameter ± standard error) are measured environmental parameters.

3.3.2

Taxa and Varietal Comparisons
There were significant differences observed in leaf characteristics between taxa. Hybrid

poplars had significantly (P=0.006) higher LAI values in comparison to eastern cottonwoods
(0.75 vs. 0.48 m2m-2 respectively Fig. 3.7). There were also significant differences of LAI among
varietals, where HP-8019 averaged 107% greater LAI values than EC-110412, HP-5077, and
EC-ST66. Similarly, HP-6329 had 102% higher LAI values in comparison to varietal EC-ST66
(Fig. 3.8). Leaf-level WUE was significantly higher for eastern cottonwoods in comparison to
hybrid poplars (2.83 vs 2.58 μmol mmol-1 respectively; Fig. 3.9). For both taxa, LAI was
significantly, positively correlated with DBH, height, woody biomass, and total biomass (Fig.
3.10)
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Figure 3.7

Comparison of leaf area index (LAI) (m2m-2) between hybrid poplars and eastern
cottonwoods.

Significant differences indicated by differing letters. = 0.05. Error bars are standard error.
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Figure 3.8

Comparison of varietals for leaf area index (LAI).

Significant differences indicated by differing letters. Varietals were averaged across sites and
treatments to compare individuals. = 0.05. Error bars are standard error.
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Figure 3.9

Leaf-level water use efficiency (WUE) comparison between taxa.

Significant differences indicated by differing letters. = 0.05. Error bars are standard error.
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Figure 3.10

Relationships between leaf area index (LAI) parameters and biomass parameters.

The maroon triangles represent the eastern cottonwood taxa and the blue circles represent the
hybrid poplar taxa.
(A) The significant linear relationship between LAI and DBH (cm). The resulting positive linear
relationship equation was: DBH (cm) = 1.872 (LAI) + 5.082, r2= 0.3246, P<0.0001.
(B) The significant linear relationship between LAI and height (m). The resulting positive linear
relationship equation was: Height (m) = 2.354 (LAI) + 5.585, r2= 0.5122, P<0.0001.
(C) The significant linear relationship between LAI and woody biomass (kg). The resulting
positive linear relationship equation was: Woody Biomass (kg) = 4.839 (LAI) + 1.914, r2=
0.5505, P<0.0001.
(D) The significant linear relationship between LAI and total biomass (kg). The resulting
positive linear relationship equation was: Total Biomass (kg) = 5.487 (LAI) + 2.041, r2= 0.5569,
P<0.0001.
Average daily sap flow rate did not differ significantly between taxa and averaged
1733.55 kg H2O m-2 day-1 (Table 3.3). Total monthly sap flow, however, was significantly higher
for hybrid poplars in comparison to eastern cottonwoods (Table 3.3). There was no observed
significant difference between the varietals in terms of seasonal whole-tree WUE, and it
averaged 10.66 g biomass per kg H2O (Table 3.3).
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Table 3.2

Comparison of average daily sap flow rate, total monthly sap flow, and seasonal
water use efficiency (WUE) between taxa

Parameter
Average Daily Sap Flow Rate
(kg H2O m-2 day-1)

Hybrid poplar
1912.63
(±183.18)

Eastern cottonwood
1656.50
(±137.29)

P Value
0.269

Total Monthly Sap Flow
(kg H2O m-2 month-1)

43218.82
(±2668.17)

36191.79
(±1663.18)

0.028

Whole-tree WUE
(g biomass per kg H2O)

8.86
(±1.13)

12.45
(±1.92)

0.117

Values (parameter ± standard error) are water use parameters.

There was no significant difference between varietals when comparing average daily sap
flow. For total monthly sap flow, HP-8019 had 37% higher rates compared to HP-5077 (Table
3.4). This pattern is also visible on a monthly basis for both average daily sap flow rate during
the end of the 2018 growing season and the growing season in 2019 (Fig. 3.11).
Table 3.3
Parameter
Average
Daily Sap
Flow Rate
(kg H2O m-2
day-1)

Comparison of sap flow between varietals
HP-8019
2129.99A
(±314.57)

HP-5077
1445.91A
(±96.51)

HP-6329
2229.16A
(±485.67)

EC-110412
1662.12A
(±279.77)

EC-ST66
1825.43A
(±255.79)

EC-S7C8
1445.59A
(±105.33)

Total
49191.09A 35877.23B 45144.55AB 34179.33AB 37107.23AB 37517.36AB
Monthly
(±5882.72) (±2362.85) (±4952.72) (±2583.67) (±3080.15) (±2988.11)
Sap Flow
(kg H2O m-2
month-1)
Values (parameter ± standard error) were averaged between sites to compare varietals.
Significant differences indicated by differing letters. = 0.05.
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Figure 3.11

Comparison of varietals for average daily sap flow rate (kg H2O m-2 day-1).

(A) Average daily sap flow at the upland site
(B) Average daily sap flow at the alluvial site.
Error bars are standard error.

Environmental measurements taken at both sites were PAR, soil moisture, and VPD,
between the taxa, there were no significant differences in the slope of the relationship between
the environmental factors and average daily sap flow. Both PAR and VPD had a positive slope
relationship with average daily sap flow, meaning that as PAR and VPD increased, so did
average daily sap flow. For soil moisture, there was a negative relationship, indicating that as soil
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moisture increased, average daily sap flow decreased. The environmental factors and their
respective taxa slopes are summarized below in Table 3.5. The relationships observed for each
varietal at each site for each of the environmental factors can be observed in Figure 3.12-3.14.
Table 3.4

Comparison of environmental factors in relation to average daily sap flow between
taxa
Parameter

Hybrid poplar
slope

Photosynthetically Active
Radiation (PAR)
(kg H2O m-2 day-1/mol m-2
day-1)
Vapor Pressure Deficit
(VPD)
(kg H2O m-2 day-1/kPa)
Soil Moisture
(kg H2O m-2 day-1/%)

P Value

24.63
(±2.26)

Eastern
cottonwood
slope
19.19
(±7.65)

705.91
(±149.19)

478.69
(±77.67)

0.182

-43.17
(±23.17)

-12.51
(±8.72)

0.221

Values (parameter ± standard error) are environmental factors.
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0.499

Figure 3.12

The relationship between photosynthetically active radiation (PAR) and average
daily sap flow.

(A) The relationship between PAR and average daily sap flow for the varietals at the upland site.
Error bars are standard error. The linear relationship for HP-8019 was: Sap flow rate (kg H2O m2
day-1) = 157.28 (PAR, mol m-2 day-1) + 1296.4, R2: 0.65. The linear relationship for HP-6329
was: Sap flow rate (kg H2O m-2 day-1) = 164.87 (PAR, mol m-2 day-1) + 692.72, R2: 0.65. The
linear relationship for HP-5077 was: Sap flow rate (kg H2O m-2 day-1) = 82.20 (PAR, mol m-2
day-1) + 1070.7, R2: 0.67. The linear relationship for EC-110412 was: Sap flow rate (kg H2O m-2
day-1) = 123.55 (PAR, mol m-2 day-1) + 978.88, R2: 0.61. The linear relationship for EC-S7C8:
Sap flow rate (kg H2O m-2 day-1) = 157.56 (PAR, mol m-2 day-1) + 616.66, R2: 0.79. The linear
relationship for EC-ST66 was: Sap flow rate (kg H2O m-2 day-1) = 129.09 (PAR, mol m-2 day-1) +
1233.5, R2: 0.51.
(B) The relationship between PAR and average daily sap flow for the varietals at the alluvial site.
Error bars are standard error. The linear relationship for HP-8019 was: Sap flow rate (kg H2O m2
day-1) = 16.14 (PAR, mol m-2 day-1) + 1212.3, R2: 0.01. The linear relationship for HP-6329
was: Sap flow rate (kg H2O m-2 day-1) = 157.26 (PAR, mol m-2 day-1) + 562.5, R2: 0.81. The
linear relationship for HP-5077 was: Sap flow rate (kg H2O m-2 day-1) = 68.52 (PAR, mol m-2
day-1) + 1010.4, R2: 0.36. The linear relationship for EC-110412 was: Sap flow rate (kg H2O m-2
day-1) = 109.55 (PAR, mol m-2 day-1) + 323.78, R2: 0.76. The linear relationship for EC-S7C8:
Sap flow rate (kg H2O m-2 day-1) = 189.56 (PAR, mol m-2 day-1) + 90.43, R2: 0.88. The linear
relationship for EC-ST66 was: Sap flow rate (kg H2O m-2 day-1) = 107.95 (PAR, mol m-2 day-1) +
445.95, R2: 0.79.
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Figure 3.13

The relationship between vapor pressure deficit (VPD) and average daily sap flow.

(A) The relationship between VPD and average daily sap flow for the varietals at the upland site.
Error bars are standard error. The linear relationship for HP-8019 was: Sap flow rate (kg H2O m2
day-1) = 341.12 (VPD, kPa) + 716.03, R2: 0.96. The linear relationship for HP-6329 was: Sap
flow rate (kg H2O m-2 day-1) = 201.18 (VPD, kPa) + 627.64, R2: 0.95. The linear relationship for
HP-5077 was: Sap flow rate (kg H2O m-2 day-1) = 185.06 (VPD, kPa) + 664.46, R2: 0.94. The
linear relationship for EC-110412 was: Sap flow rate (kg H2O m-2 day-1) = 246.06 (VPD, kPa) +
628.22, R2: 0.94. The linear relationship for EC-S7C8: Sap flow rate (kg H2O m-2 day-1) =
167.76 (VPD, kPa) + 621.88, R2: 0.85. The linear relationship for EC-ST66 was: Sap flow rate
(kg H2O m-2 day-1) = 255.59 (VPD, kPa) + 864.23, R2: 0.88.
(B) The relationship between VPD and average daily sap flow for the varietals at the upland site.
Error bars are standard error. The linear relationship for HP-8019 was: Sap flow rate (kg H2O m2
day-1) = 86.09 (VPD, kPa) + 545.45, R2: 0.63. The linear relationship for HP-6329 was: Sap
flow rate (kg H2O m-2 day-1) = 91.04 (VPD, kPa) + 966.2, R2: 0.76. The linear relationship for
HP-5077 was: Sap flow rate (kg H2O m-2 day-1) = 156.63 (VPD, kPa) + 878.6, R2: 0.71. The
linear relationship for EC-110412 was: Sap flow rate (kg H2O m-2 day-1) = 77.37 (VPD, kPa) +
706.65, R2: 0.53. The linear relationship for EC-S7C8: Sap flow rate (kg H2O m-2 day-1) =
148.89 (VPD, kPa) + 695.44, R2: 0.74. The linear relationship for EC-ST66 was: Sap flow rate
(kg H2O m-2 day-1) = 52.08 (VPD, kPa) + 977.74, R2: 0.34.
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Figure 3.14

The relationship between soil moisture and average daily sap flow

(A) The relationship between soil moisture and average daily sap flow for the varietals at the
upland site. Error bars are standard error. The linear relationship for HP-8019 was: Sap flow rate
(kg H2O m-2 day-1) = -311.62 (soil moisture, %) + 3952.5, R2: 0.85. The linear relationship for
HP-6329 was: Sap flow rate (kg H2O m-2 day-1) = -317.71 (soil moisture, %) + 3533, R2: 0.96.
The linear relationship for HP-5077 was: Sap flow rate (kg H2O m-2 day-1) = -296.35 (soil
moisture, %) + 3028.5, R2: 0.98. The linear relationship for EC-110412 was: Sap flow rate (kg
H2O m-2 day-1) = -344.92 (soil moisture, %) + 3520.5, R2: 0.97. The linear relationship for ECS7C8: Sap flow rate (kg H2O m-2 day-1) = -317.46 (soil moisture, %) + 3449.5, R2: 0.97. The
linear relationship for EC-ST66 was: Sap flow rate (kg H2O m-2 day-1) = -302.29 (soil moisture,
%) + 3638, R2: 0.98.
(B) The relationship between soil moisture and average daily sap flow for the varietals at the
alluvial site. Error bars are standard error. The linear relationship for HP-8019 was: Sap flow rate
(kg H2O m-2 day-1) = -1527.3 (soil moisture, %) + 19887, R2: 0.66. The linear relationship for
HP-6329 was: Sap flow rate (kg H2O m-2 day-1) = 72.84 (soil moisture, %) + 585.03, R2: 0.24.
The linear relationship for HP-5077 was: Sap flow rate (kg H2O m-2 day-1) = 87.71 (soil
moisture, %) + 863.31, R2: 0.76. The linear relationship for EC-110412 was: Sap flow rate (kg
H2O m-2 day-1) = 211.35 (soil moisture, %) - 1399, R2: 0.84. The linear relationship for ECS7C8: Sap flow rate (kg H2O m-2 day-1) = -11.37 (soil moisture, %) + 1668.6, R2: 0.1. The linear
relationship for EC-ST66 was: Sap flow rate (kg H2O m-2 day-1) = 161.86 (soil moisture, %) +
717.41, R2: 0.86.

The second objective of this research was to observe if there was a relationship between
water use efficiency metrics, in terms of leaf-level WUE, seasonal whole-tree WUE, and carbon
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isotopic ratios across all taxa. There was no significant relationship observed in any combination
of the parameters (Fig. 3.15).

Figure 3.15

Relationships between carbon isotopic ratios (δ13C‰), leaf-level water use
efficiency (WUE) (μmol mmol-1), and seasonal whole-tree WUE (g biomass per kg
H2O).

(A) The relationship between carbon isotopic ratios (x axis) and seasonal whole-tree WUE (y
axis), there was no significant relationship observed, P=0.1390.
(B) The relationship between carbon isotopic ratios (x axis) and seasonal leaf-level WUE (y
axis), there was no significant relationship observed, P=0.4898.
(C) The relationship between leaf-level WUE (x axis) and seasonal whole-tree WUE (y axis),
there was no significant relationship observed, P=0.1996.
3.3.3

Genotype x Environment (GxE) Interactions
There were no observed significant G x E interactions between leaf-level WUE, average

daily sap flow, total monthly sap flow, or seasonal whole-tree WUE.
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3.3.4

Endophyte Comparisons
Averaged across sites and varietals, there was no significant difference in leaf-level WUE

between endophyte inoculations and controls and averaged 2.68 μmol mmol-1 (Table 3.6).
Similarly, for LAI measured in the summer of 2019, there was no significant difference between
treatments and averaged 0.61 m2m-2 (Table 3.6). Also, for seasonal whole-tree WUE, there was
no significant difference between treatments (Table 3.6).
Table 3.5

Comparison of leaf-level water use efficiency (WUE), leaf area index (LAI), and
seasonal WUE values between treatment and control individuals
Parameter

With
Endophyte
Treatment
2.66
(±0.05)

Without
Endophyte
Treatment
2.71
(±0.06)

P Value

LAI (m2 m-2)

0.61
(±0.08)

0.62
(±0.06)

0.959

Seasonal Whole-Tree WUE
(g biomass per kg H2O)

11.78
(±1.94)

9.51
(±1.16)

0.316

Leaf-level WUE (μmol
mmol-1)

0.587

Values (parameter ± standard error) were averaged across sites and varietals to determine if there
were any significant differences between inoculation in terms of water use and biomass. = 0.05.

There were, however, significant differences between inoculated and non-inoculated
individuals in terms of sap flow measurements. Daily average sap flow rate was significantly
(P<0.001) lower for treated individuals in comparison to controls (1354.91 vs. 2190.48 kg H2O
m-2 day-1 respectively; Fig. 3.16). Similarly, total monthly sap flow was significantly (P<0.001)
lower for treated varietals in comparison to controls (34029.67 vs. 45181.31 kg H2O m-2 month-1
respectively; Fig. 3.17).
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Figure 3.16

Comparison of significant differences between endophyte treatments for average
daily sap flow rate.

Significant difference is indicated by differing letters = 0.05.

Figure 3.17

Comparison of significant differences between endophyte treatments for total
monthly sap flow rate.

Significant difference is indicated by differing letters = 0.05.
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3.4

Discussion
Water use parameters yielded unexpected results in several instances. Leaf-level WUE

was significantly higher at the alluvial site in comparison to the upland site, potentially an
indicator of increased physiological functioning at the alluvial site over the upland site in the
way of more efficient use of water resources. Similarly, seasonal WUE was significantly higher
at the alluvial site in comparison to the upland site. This was unexpected, as there is an
abundance of water at the alluvial site, and it was thought that the SRWC at that site would use
water more freely, and that individuals would have higher WUE values at the more moisturestressed site (Liu and Dickmann, 1996). The observed difference could be due to the varietals at
the alluvial site having a different water use strategy in comparison to those at the upland site
due to the discrepancy in water abundance. Conversely, sap flow rates were significantly higher
at the upland site in comparison to the alluvial site and for hybrid poplars. The higher water use
for hybrid poplars, as it was thought the riparian eastern cottonwood taxa would be a higher
water user (Zalesny Jr. et al., 2006). Opposingly, the higher water use at the upland site was
unexpected, due to lesser apparent water resources, especially in terms of lower soil moisture
(%) at the upland site in comparison to the alluvial site. This also contradicts other studies
suggesting that irrigation is needed at upland sites to increase biomass for SRWC when the
upland site was receiving on average 93 cm of rainfall/year (Zalesny Jr. et al. 2016; Coyle et al.
2006). This could potentially be due to the upland site in this study receiving more rainfall, at an
average of 185 cm of rainfall/year, which was higher than the average of 139 cm of rainfall/year
(Monroe County Weather, 2020). This is indicative that the varietals used more water at the
upland site, but lower water usage varietals, such as EC-110412 and EC-S7C8 could be used for
planting if water usage is a management concern. LAI values were significantly higher for
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hybrid poplars in comparison to eastern cottonwoods, pointing towards higher productivity of
hybrid poplars, though the taxa slopes did not vary in terms of the linear regression (Pellis et al.,
2004). Differing LAI values could also be due to the morphology differences in leaf orientation,
where hybrid poplars hold their leaves more horizontally and eastern cottonwoods more
vertically, meaning the measurement device would have likely captured more area of the hybrid
poplar leaves versus the eastern cottonwood leaves.
Additionally, endophytes did not seem to have the expected impact on growth and
productivity, and their inoculation did not elicit any significant differences in water use in terms
of LAI, leaf-level WUE, or seasonal WUE, opposed to the hypothesis that the inoculation of
endophytes would increase these values. This could potentially be due to the short duration of the
study (2 years), and there was not enough time to see any physiological differences, or bacterial
latency. There were significant differences in terms of daily sap flow and monthly sap flow
between treatments. For the control individuals, average daily sap flow rates and monthly sap
flow rates were significantly higher. This increased water has the potential to benefit the
physiology and functioning of the varietals but might also have a detrimental effect on the
landscape. The inoculated trees may have had lower water use due to the impact the endophytes
had on physiology during the second growing season, such as a decrease in transpiration which
has been observed in previous studies (West, 1994; Morse et al., 2002; Rho et al., 2018). In the
aforementioned studies, the inoculation of endophytes: increased the amount of abscisic acid
hormone present in the leaves, which controls stomatal aperture, decreased stomatal density in
leaves, and had overall lower stomatal conductance. The second objective of this research was to
assess the relationship between the parameters of carbon isotopic ratios, leaf-level WUE, and
seasonal WUE, but there was no significant relationship observed between any combination of
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those variables for either taxa in the study. This is in contrast to other results, where strong links
were found between carbon isotopic ratios and WUE (Farquhar et al., 1989). This could be due
to the study duration being too short, and the strength of the relationship between carbon isotopic
ratios and WUE being more prominent in a long-term timeline, across multiple seasons (Martin
and Thorstenson, 1988; Sun et al., 1996).
There were several observed differences in varietal performance for LAI and water use
parameters. These patterns are especially visible at the upland site. These data indicate that in
terms of LAI and water use, varietals HP-8019 and HP-6329 may be of interest for further
testing of performance to observe if similar results are achieved and to assess how water usage
changes on the landscape to determine the varietal HP-8019 viability as a crop in areas where
water resource management is a concern. It also indicates that hybrid poplars are able to have
higher amounts of productivity at the upland site which was expected (Rousseau et al. 2013 and
Rousseau et al., 2018), but also have increased rates of water usage on a daily and monthly basis
in comparison to eastern cottonwoods, which was unexpected as eastern cottonwoods are a
riparian species, and were thought to use more water on the landscape.
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CHAPTER IV
SUMMARY
4.1

Site Comparisons
One of the main components of the first objective of this study was to compare the taxa

across two varying site conditions at an upland site and an alluvial site. Both of these sites are
fundamentally different in their environmental characteristics and yielded varying results in
terms of physiology, biomass, and carbon and nitrogen parameters. During the first growing
season, there were significant differences in leaf-level physiology measurements of
photosynthesis, transpiration, stomatal conductance, leaf mass per area (LMA), and water use
efficiency (WUE), in which stomatal conductance, LMA, and WUE were significantly higher at
the alluvial site and transpiration was significantly higher at the upland site. This could have
been due to the smaller size (due to the later planting time) of the trees at the alluvial site,
meaning they would have had less leaf area yielding higher physiology rates in contrast to the
upland site that had more total leaves. In terms of A/Ci parameters, the opposite was seen where
almost all parameters including maximum rate of Rubisco-mediated carboxylation (VCmax), light
saturated electron transport rate (Jmax), triose-phosphate utilization (TPU), and daytime
respiration (Rday) measured during the second growing season in 2019 were significantly higher
at the upland site than the alluvial site. Only mesophyll conductance (gm) was significantly
higher at the alluvial site. These results were not necessarily anticipated due to leaf-level
physiology being higher at the alluvial site during the first growing season. This indicates
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increased physiological functioning (in terms of gas exchange functioning) at the alluvial site,
but also the potential for increased photosynthetic capacity at the upland site that became more
pronounced with increased growth. Following this trend, carbon isotopic ratios were
significantly higher at the upland site, but, there was no significant difference in nitrogen leaf
concentration (%). For the carbon isotopic ratios, this was expected, as the significantly less
negative ratios are an indicator of water stress as higher carbon isotopic ratio mean there is more
of the rare isotope present in the sample indicating that stomata were forced to close to keep
water vapor from escaping, and the upland site had less water available than the alluvial site
(Zhang et al., 2005).
At the end of the first growing season, height and diameter were significantly greater at
the upland site. This was similarly observed for biomass measurements taken during the second
growing season, where height, DBH, moisture content, woody biomass, and total biomass were
all significantly higher at the upland site. This could potentially be due to adverse site planting
time later in the spring at the alluvial site impacting growth of the varietals for the duration of the
study, but it could also be due, in part, to the increased photosynthetic functioning of the
varietals at the upland site. This increased productivity at the upland site also relates to the
increased sap flow at the upland site, where daily sap flow rates and total monthly sap flow were
both significantly higher at the upland site. This indicates that varietals at the upland site used
water resources less conservatively, allowing for increased productivity. This was unexpected, as
there is more water available at the alluvial site and it was thought that the varietals there would
be less conservative with their use of water resources. It could, however, be explained as a water
use strategy where whatever water is available at the upland site is immediately used by the
varietals rather than being used on an "as needed” basis in case of water stress, though this trend
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is typically observed in wetter conditions rather than those present at the upland site (Li 2000;
Yin et al. 2005; Zhang et al. 2005). The lower biomass at the alluvial site could also relate to the
significantly higher seasonal whole-tree WUE that was observed at the alluvial site. The varietals
at the alluvial site might have used their water resources more conservatively, meaning that they
were not able to put on the same amount of size at the alluvial site in comparison to the upland
site, this is not documented in the literature.
4.2

Taxa Comparisons
During the first growing season, there were no significant differences in leaf-level

physiology, besides WUE, which was significantly higher for eastern cottonwood taxa. This was
not an expected result, as eastern cottonwoods are a riparian species. It could potentially be due
to the lower biomass levels for the eastern cottonwood taxa, meaning the varietals required less
water and used their water resources more efficiently. In terms of nutrient use efficiency, hybrid
poplars had significantly higher photosynthetic nitrogen use efficiency (PNUE). Opposite to this
however, eastern cottonwoods displayed significantly higher rates of nitrogen concentrations in
both leaves and leaf litter. This suggests that hybrid poplars use their available nutrients more
efficiently for physiological processes which is beneficial for avoiding fertilization, whereas
eastern cottonwoods display increased nutrient retention which is beneficial for nutrient
recycling. This contrasts a previous study that displayed a more pronounced decrease in N
concentrations in eastern cottonwood at the end of the growing season (Cotte and Dawson 1986).
In terms of biomass, hybrid poplars had greater parameters of height and moisture content, but
eastern cottonwood had total leaf area. It was expected that hybrid poplars would have greater
height values, as they are known for rapid growth properties. This also relates to taxa water use,
where hybrid poplars had increased daily and monthly sap flow rates in comparison to eastern
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cottonwood, despite the fact that eastern cottonwoods are a riparian species. This was expected,
as studies have shown that hybrid poplars are notoriously high-water users, in part due to their
ability to rapidly produce biomass (Zalesny et al. 2006; Jassal et al. 2013). In turn, hybrid poplars
were likely taller than eastern cottonwoods due to their increased water intake, physiological
functioning, and growth characteristics, such as increased rapid apical growth and deeper
rooting. This, in part, also likely allowed for hybrid poplars to have significantly higher LAI
values, where the higher leaf area also led to higher water use. Opposing this, eastern
cottonwood leaves had larger total leaf area than hybrid poplars at the end of the growing season.
This could be due to hybrid poplars dropping their leaves earlier than eastern cottonwoods,
explaining why hybrid poplars had a higher LAI in the middle of the growing season, but a lower
total leaf area at the end of the growing season.
For leaf-level physiology, there was only a significant G x E interaction for
photosynthesis, where hybrid poplars exhibited higher rates at the upland site and eastern
cottonwoods exhibited higher rates at the alluvial site, which was expected due to previous
studies showing hybrid poplars being more functional and less susceptible to disease at upland
sites and the fact that eastern cottonwoods are a riparian species planted at an alluvial site (Coyle
et al. 2006; Robinson et al. 2006; Rousseau et al. 2013; Rousseau et al. 2018). There was also a
significant G x E interaction in nitrogen concentration in leaves where hybrid poplars had higher
values at the upland site and eastern cottonwoods had higher values at the alluvial site. This
follows the above-mentioned studies where hybrid poplars displayed higher functionality in
terms of photosynthesis at the upland site and eastern cottonwoods at the alluvial site. The taxa
display higher nutrient concentrations at the site in which they have the best physiological
functioning, this is likely due to physiology compatibility and site characteristic pairings. This is
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important as nitrogen can be limiting on most sites yet is an extremely important in physiological
processes (Knoth et al., 2014). It is an indicator that hybrid poplars were able to uptake nutrients
and use them more efficiently at the upland site, and eastern cottonwoods were able to do the
same at the alluvial site. There were no significant G x E interactions observed for water use
parameters, which suggests that the differing taxa do not respond to environmental variation in
terms of water use.
The central hypothesis for this study was that physiological characteristics of total leaf
area and WUE would be better indicators of growth across sites than other physiological
parameters. Based on the findings, this hypothesis that total leaf area would be related to
productivity was supported for both taxa, as seen in Marron et al. (2005). Similarly, the
hypothesis was also supported for WUE that there would be a relationship, but it was opposite to
the studies such as Yin et al. (2005) where WUE had a positive relationship with productivity.
This difference could be due to different species used despite both studies being done with the
same taxa, or site characteristic differences. One of the main supporters for this was the
relationship found between WUE, height, and DBH found in the first growing season. There was
a significant negative relationship between WUE, height, and DBH between both taxa. The type
of relationship observed between WUE and productivity was not hypothesized before the start of
the study, but, in hindsight, the negative relationship was expected. This indicates that the more
water use efficient SRWC are, the less growth and productivity is possible in comparison to less
water use efficient varietals, and the key is finding those genotypes that use water efficiently and
still produce good growth. Similarly, transpiration was positively correlated with DBH and
height, as was expected since transpiration is a component of WUE. This is because the more
conservative the varietals were with their water resources; the less water being taken up and used
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for growth, though this could vary based on the water use strategy of the species and the growing
environment in question and is not well documented in the literature. During the second growing
season, total leaf area was significantly, positively related to height and DBH. This relationship
was expected, because as a tree puts on more leaf area, it can increase its physiological
functioning, processing resources faster and allowing for increased diameter growth, as seen in
Ridge et al. (1986). Similarly, LAI values were significantly, positively related to DBH, height,
woody biomass, and total biomass. This relationship was expected, as the higher LAI, the greater
density of leaves per unit ground area, allowing for physiological processes to take place at a
quicker pace, and LAI being known as an important determinant of above ground productivity
(Pellis et al., 2004).
4.3

Varietal Comparisons
There were several significant differences in varietal performance observed during the

study. For leaf-level physiology, varietals HP-8019 and EC-S7C8 had significantly higher
photosynthesis rates. HP-8019 also had significantly greater transpiration rates, stomatal
conductance rates, PNUE, carbon isotopic ratios, moisture content, woody biomass, and total
biomass when compared, in varying ways, to the other study varietals. This indicates that HP8019 may have increased physiological functioning earlier in the growing season in comparison
to other varietals as well. HP-8019 and HP-6329 also had significantly higher LAI values, which
also relates to HP-8019 having increased productivity values. HP-8019 also had the highest sap
flow rates for both daily and monthly values. This indicates that the increased productivity also
relates to increased water usage, a commonly known trade off and concern when planting SRWC
as a biofuel source (Tuskan 1998; Monclus et al. 2006; Zalesny Jr. et al. 2006; Hinchee et al.
2010; Jørgensen 2011). This means that, in areas where water availability is a concern, HP-8019
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may not be the best varietal to plant regardless of its high productivity values. Varietal EC-S7C8
may be more suitable in these areas due to its lower sap flow values and still relatively high
physiological functioning, especially at an upland site. This varietal would still perform
adequately at a site with alluvial characteristics but would have higher water use. Depending on
the desired product as well, EC-S7C8 may be desirable, as well, due to its higher woody biomass
values and lower moisture content, with lower moisture content being a desirable feature as less
of the overall product weight will be lost in processing. If fast growth and height is the only
concern, HP-8019 would likely be the best. HP-8019 could also be used on marginal landscapes
where the goal is phytoremediation, as the higher water use could lead to a more rapid uptake of
excess nutrients, such as nitrate, especially if the site is similar to that of an upland site.
4.4

Endophytes
The third objective of the study was to assess if the addition of endophytic bacteria

impacted biomass yield, growth, nutrient uptake, and water use. In terms of biomass yield and
growth, there was not a significant difference observed between treatments. The same was also
observed for nutrient uptake, where there was not a significant difference in leaf nitrogen
concentration, carbon isotopic ratios, or C:N ratios between treatments and controls as well. This
was unexpected, as it was hypothesized that the addition of endophytic bacteria would increase
productivity of the SRWC, as seen in Knoth et al. (2014). This result could have been observed
due to adverse conditions (late planting time and poor survival) at the alluvial site preventing the
endophytes inoculation being effective. In terms of water use, there was a significant difference
for daily and monthly sap flow for treated individuals. For daily sap flow rates, control
individuals had an increased water use in comparison to treated individuals. The same pattern
was observed for monthly sap flow rates. This could potentially be due to differences in stomatal
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densities, as observed in Rho et al. (2018), where inoculated individuals had lower stomatal
densities and higher concentrations of abscisic acid hormone, controlling stomatal aperture. It
was also thought that the inoculation of the varietals would increase overall productivity. This
hypothesis was not supported by the data, and there were no significant differences in terms of
height, DBH, moisture content, woody biomass, total leaf area, LAI, and total biomass between
varietals inoculated with endophytes and controls for biomass measurements taken during both
growing season one and two, contrasting results found in studies including Rogers et al. (2011)
and Khan et al. (2012) both of which saw significant increases in biomass measurements in
inoculated individuals over control.
4.5

Future Directions
There is an array of potential for future research with the varietals from this study. The

particular varietal of interest would be HP-8019. This is due to its increased levels of
productivity in comparison to the other varietals. There needs to be more studies conducted that
assess the water use of this varietal planted in larger blocks on increasingly different sites and, in
turn, see how this water use affects the site in terms of soil quality (such as soil nutrient content)
among others. This varietal could also be studied on a more marginal landscape or potentially
even a heavily polluted landscape, to observe how the increased water use alters the overall
water availability and site quality (in terms of nutrient removal/uptake on the landscape on
contaminated sites) over time. In terms of productivity for the production of biofuels, there needs
to be more research conducted to observe if there are any other significant G x E interactions that
become visible in a longer-term study. It is important to assess the G x E interactions for the
production of biofuels to be able to produce the most viable crop and not degrade the planting
site. As for endophytic bacteria, the study conducted displayed few significant differences, and
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this may be due to adverse conditions at one of the study sites, potentially masking their true
benefits. It would also be important to have more studies that have equal times of establishment
for a more accurate comparison of growth and physiology between sites as to ensure planted
varietals have the same starting foundations.
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